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“EHESORE” CHUTEXOBRBABEIAS LI LRk,

ABETH, $TENBSORTORL*BERAT5EMT, BEMECLSEEMLC
W77 16 D IS B R AR S B BN, MRAEIRPESGREN, FIEASSLEUH, BORIEEERH %
B9, AEMMBE L RICTBPECHOVWTHFREFMOZSBRRE OB EHELE,

2. ERF

2.1 ® W

BIME Y RICTBPEL LT, 10MEORN EMECHL -,

No.1; il &% EPE (MM BT, Sholex 55517, Mn=2.09 X10*, Mw=17.92 X10*) %170

CETANWPTIVAL, BT 400 (BEB#0.6mm) % B E20mn, 50mm/mnic T110°C,

SSIEHEMEFoERE, 25, EMBERETH T A VLAREICHUEL Y2 v—%—ME

MOEMBETOEILE Y RDE,

No.2;No. IDBREH & E DM, S Uy a4 ILeh125C, 205 M & T MAH % 15 - = RN,

No.3~No.5; B MM ) R 5 M RMRME (S HRMLETERNY, 57 Iy, M-

124.3 X10)THY, BEFIFRPE/ RS T4V D9 2 R MASSHMUBL, HhEF

SR, AE, EMEF-oTEBOAERELTDATNEY,

No.B; BB AY SRUAKBIVERLCWAEWEBERERRE', BEHT

BPEQB&ER vy R EMEMUBULES, SIRYEML, BRNICUSEOBIEME

ToERH,

No.T; B ME AR (HIEMRINN, ¥/ =—<)Th Y, BEHNTRPEOEFEBIEH =9
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HU, B5h2TXVeT VAL, Y- RABEX MM, BEMET>THSOERE
EEbhTna?,

No. 8 if#RE® EPE (BBFAIE TS, 108F-2, Mn=2. 68 X10*, Mw=13. 07 X10%, = F 4
B17. 77 /1000CH, ) % iR CSRFMEM U, ITCHBIBHER T CLREM MMM % 155 2 RH,
No. 9Tl #R KK 7 B PE (BH A1 T (%%, 608F-3, Mn=2. 39 X10*, Mw=11.75 X0, 7 F s
8219. 0’7 /1000CH: ) %110°C, IS{FHEML, FRIBEMER T CHLE 21T - ERH.

2L, No.8 No. SORM DIEMBF D F K, HEMEE N 1ORKLRIUTH 5,
No.10;Reading K%#D.C.Bassett BB L YRHK L TV EEVWEBERLBLRH'Y ., HIKE
® R PE (BP Chemicals®,Rigidex D& U, EHFRMWEITIRELERBICONT, 8.1~
8.TSFFWEEMH L, 2457, 5.3kbar G %17 - =AM,

2. 2 REMmfEx

SIRYARRE (WERMIERMA - /5 7SD-1008) %A, 25CIc TEESOm, 2|
RUBEZm/mDE&ECTREBOIET -0 FAltBE %1, TomNIRL Y RBBER
(YDERDE,

2. 3 BME&E

ABOMBERAMWERD S 2, BHRTOT 4 — O ENRK I EICCuked O Doublet
(Kai Ke2) DRE 2170, KIC, EBROEXYVOMEEH Y 2B EFHELTRQ)EANT
fior'?,

B? = B* - b* (2)

EEU, B MBRESME, B DoubletdMEX1T>EEORBOKNE, b ;=
MEOBRAWTH S, EEOEER TR DOWIESED. X KR DScherrerdRX O TEH
L,

Dwkiy = A/ BcosH (3)
REUL, 2 CukeBDBEE, 6 ; (hkl)E DBrage A TH 5.
2. 4 EKRAW

FFRABOPMAXBEFR IO 74— VeI AXBETER (B2EHREN) »HuL,
AB—hY o2 —ERE300mICTRHIELE, ZABAEMELEE, Y- REBED20LY
Bragg D& H 2 AWTRAMOBE*EH L %=,

2. 56 MABIUHERARER

REEEMERI (WH W T&BSSC-5605) % Avy, REHEM10/m, R¥HEEMNINgIC
TREETY, BEMKROY - NBIYMAEEZ, V—V7ERLYMERE S RDE,
BB, BEPHELUTRA VYYD LERWE,

2. 6 BEAE

WrEROREBE (MR LYk,

[T= (180 - H")/180 (4)
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ZEU, Bik(002) K H DDebye-ScherrerBICIR > MBS it OLMHBTH 5,
2.7 ® B

RBoEEREE (broy—-2noRyEVR, 30C) K& URD, RLEIZR
G)EHNWTEHUE,

1/d = (Xc¢/dc) + (1-Xc)/da (5)

EEL, dRABOEE, dc, dail N ThEHERK, FERHEBROTEETH Y, dc=1.00
g/ci '*, da=0.855 g/cdt 'V EFHWE,
2. 8 RSWEX

O-FeVEMAULEREECTRABERE OMEETT- L,

HHEROIE X EPERBFIMEATH 5 (002)EE AV, NHEEBEICTT4752
bA—%— (EYERWWURAD-BY 27 L) EMVTH>2, B&EKRFOOTHE(e.)
F, BHCL2EMBOELIYRG)EANWTRD L,

€. = bd/do (6)

EEL, M RACK2HEMHBOELR, do; BIEHTTCOHREMBTH S, IGHICK B2
ODBHEBZECBRICTIY, —WMIMEEFAESEHALE. ZOBOY—INEBOH
AHMYBREIZ20ICUTE0.5/100° LA FTHoE, Zhiz+0.000073ACHIELTHBY,
OFALUTIEEF0.0057RIC 3, &b, E.OMECEBUTREEGES2XEAVWEZ LD
b, BHBOVTARNERHBIEORTOTHAELERX D, TOMMESRMA TAIEICH
W, BREBTFORD-0OTAHROMMARIYR(DEAVWTE  2BHLE,

3. BMRBIUEE

3.1 HHMMERRCIB 3RV FLVYO#EDHHE

Rl RERTEHUE, BHEBE:RICTAPEIVEEO XBRBERTEERUE,
R&Y, WFhoRBICBWTHORERERRIFTHY, No.8, 95 E, PEOMMERTICH
ERTZENI 7 ANA—EBRBTHZLBIEETH -2, £, WLO220RBICBNT
HARPEORENZHBH L,

2L, EPERBOETOMHMEERUE, No. LIKB W T, REMERN66Pal
BAEONFEDPEL U TIIUEBMNEWEE2RL, £, cRAMOMESE L BB
ELUE, ZOZEedn, No. 1 BWardbDRAB® * D CHIGUEBEEALTHWE DL
E2ohb, —F, CORBEERTHRABU 2ZNo. 2ICB W T, REBERIL/2UT
KETBETUEN, BMOEHRCEY REMEZMMNL, cMFHOBMBEE B, Vard
LOEIFERRIDEIPHMBIh LI 2o, £, ai fAB L b RIOBERE
LMAL, alRBITMBENBP U, ERCENARALE, 2hdORKIIMLEIC K
YRFHEONRAY X TIXEMELEZECHEL TS, No.3~No.5ORKBHICHBNWTIX, =
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Table 2 Characteristics of Polyethylene with Different Microstructures

Sample 1 2 3 4 5 6 7 8 9 10
Specimen Modulus (GPa) 56.3 22.4 63.3 83.9 105.9 207.5 100.2 0.4 4.65 -
Crystallite Size (A) '
(002) 388 325 520 630 468 9217 711 106 161 653
(200) 105 201 92 137 119 172 158 71 79 456
(020) 117 162 101 142 119 178 151 112 110 285
Long Period (A) 285 369 a a a a a 183 218 a

Lattice Constant a (A) 7.46 7.41 17.39 7.39 7.43 7.43 7.41 17.59 7.50 7.41
b (A) 4.94 4.94 4.94 4.93 4.95 4.94 4,94 4,99 4.95 4.93

Density Ag/cl) 0.969 0.977 0.976 0.976 0.974 0.991 0.984 0.919 0.924 0.994
Crystallinity (%) 8.1 86.1 855 855 84.3 94.5 90.2 48.0 51.5 96.4
Melting Point (Tm) 143 142 146 147 143 148 148 123 120 141

Heat of Fusion (cal/g) 60.9 61.8 61.7 57.7 58.9 60.1 656.8 22.5 32.8 -~
Degree of Orientation 0.976 0.973 0.988 0.990 0.985 0.994 0.982 0.940 0.981 0.969

a; Non Observed

No.6
2 ']
No.7
(] 2 1
No.8
A Lanautd [ | ‘[““‘-w —
73 74 75 76

20 (°)
Fig. 2 Diffraction profiles for the (002) plane of polyethylene.
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UTET 2MMEERBEL 2D 2, No. 6ORKIL, RERXMEHEEHNTESAE
E fE(235GPa) ([CTLE 3 2 AR MR (207.56Pa) 2 HE LTS, LALGAS, aiES
FUDMBESEF Lo/ hE<n, RBELELEDTAE NN, 1005CELTHHRTR
Bhol,

K2k, No.6. No. TE L UNo. 8O TFHF M) KK EH T a7 4 —WiERLE, No.b
DENIZCukeld DDoubletiCE T ATV Y M ABBELE, COZLIIWMERENERD
TREVWZERCHMIEL TS, AROBEREIN.TCBVTHREEATEY, Cuke,ick
- I A BREMCY a AT — L UCHEL TS, 2hAbIHELT, No.8) Y —
237 o0—-FTHY, SEUTEBERED ALY, WFhoRBICBWTbcEL L
TIX2.54740. 00240 B B T,

No. 8D IRKIBPE M0, 4CPaR A KR CHE % T CRADIETH Y, No. 6L DHIC LT
W00 BMERERICLTVS, S, BREILEBEL, No. L0ICHBE LTI/ ZUFCH 5.
No. 100D 5 FE &% S AL 3R, &% B (L E 296, 43 L BH TH L, A OB HEDMERE S KX <
BFHONRYEVTORETH B, —F, BAFREL, £k, FYyoX Y IFERTH

0.20 o’

PE No.1,2 /

o
0.15p /
/9
et

0.10f 0’5
o
a°
Y

0.05p @/
7/ Ep =235GPa
® 0/

Strain €. (%)

o 1 ]
0 200 400 600

Stress 0~ (MPa)

Fig. 3 Stress (o )-strain (&) curves for the (002) plane
of polyethylene (@); No.l,and (O); No.2
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MFRENhE,
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3. 2 PMHBER*RCTIRVIFLUYDESBMAER

T3, No.12HWT, PEOS FHEABICH YT 3 (002)@EICHOVWTHEETFH 1
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NDo.-elBEOTHRUE, REUYBELAREDIC, WFRORBICHI5ES S EA
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B Ll 5 1 DB SRR OMIEL =, Wardd ORES 5 1S HIET BNo. LIc 85 1 T b I
NBEDERENBRIUTNBZLAELDTH B, B8, BHICEBY— I IBOBE %
B3 T ERICTHRATRS T B, Wardd X — 2 0 ¥ [0 H3F o B Haa g 24k & Y 5F
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A, WEFhOHEEHWEBETY £,-235 GPar@B o ht, RUTFLYoNFHIE
BRANCBODTRECHTY >EFBY /I F/BEEELTBY, P FR—AONERD
hEN(18.2A%), &%, CONTFHOMERR IR EGROMEBIUCRAADERICE
VEUTHBY, TONOEBBENKENWZ L2, PEO E HIFHEESH) FHBAOMEIC
B bDLEZHNB'D, XT, R o— e R IE300MPaLl FOBIEHBITHRBETFO
OFBBREFURLA 7T 5HEAMPBREENSE, T2 TCRIECZDE*SOEBRERRENC
DWTRHRBERE 21T- 2.

B4, NodB LN DNWTHERITH>ERERBFD o — ¢ i ETRLE. X
BEBNWTEFUARNATTEINCRAEEERFOOT A B IE F1900MPafEE £ CHIM L
. EHIC, W5IKRUE, No. 6DEBBEHERRABID 0 — ¢  HHRITIESII00MPa, O F A
0./FCELETHAEBIERTET LN TEE, UEMNH-T, HRBEEBxhTE:
RVLFUVUVKROBTFOTAOBREAMTOLVRLA X, FEUTFTEEEET 5
RE-REEBEOMEDDVIREEHOEADONOEENENICE VB EB T
HTRL, BIEAKLE2BMBEDELICEDFERERDBIRETCHBEEIOND, &

0.3 '
PE No.5
,_Q2-
X
J
@)
£
8
)
01
Ep =235GPa
0 ] 1 1
0o 200 400 600 800

Stress 0~ (MPa)
Fig. 4 Stress (o )-strain (e ¢) curves for the (002) plane

of polyethylene No.4 and No.5
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T, R4, S5XYREBUERE 2 RDS L25GPaENBDhE., ZOBEZEERAR
TELEPEO EMHICFULUL, BEHERRBICBWTHIENESOREMBILTHS Y
DEE2ZLND, ZOHCEUT, MAES BIEMGERIG , HBICHTRNBHER
200GPall LORKBICHONWTHEBOWERZITTHoEHKRE, BOIERKBEBIEL-EN
(E,= 213~229GPa), REMNCIENBSEOREORIERBREL TS, R5HEBRT
i, No. BORBOIE - O THHEMMEPF R TRUE., MPARE Y RBIMERL L T27.5
GPaBBHH, EMEICIEEELY. £k, RHOEHN -0 TFaMR Z0BETIIABRT
Y, TOEIEHICU TIS00MPaLl ECTHBFDEH N4 Uissd, 3680MPa (O FAICL
2.29%) THEMNTL =, '

B6 ik, No. TOF &S], HET, BLUCKREZD(002DKKHOBEHF SO T4 —LEE
ARUE, BHFE— 2 ECukdR D DoubletiC X S HABRIC Y a V¥ —52HL TS,
K&y, BHFE-IVOEEES LI CHERIBEEIR TR —ETH D, BIEIHTELE
LLUTWHa, ULAULRMES, ChHRBEZKICIEELTWS, BHFVY—IMNELEE,
WATCREAEMICOTIPLTHSY, REZZEZELTWS, TF2TRICZhBY Y
FPEERBICREBRRDZ I -THBCIYRBEO -2, h— THBECY > TREFRS
O7A4A— )VvEAD ZBEREL, 1)Cuke, Kk 2 EHBE IZCuke. 0 FThD2AUETH B, ii)
CuKe#R D DoubletiCE I H— V7 DEMIBIXZE Ly, iii)CuKe# dDoubletic -3 < @
BOEM20)IFLL, EUT, BINZRELCIV I T 749540 T %G8, B
NEHRERCFERTRL, 22Hh5B5NB0—¢c HBERN7HOTCRLE., K&
YHL2BREDIC, H-—THEBCIYEEL--ELOTARBRICLZ0TAHO)—K
U, EMEEUTPIIY2SCPat B ONE, £, & d#400MPall ETLUARLA 7L T
AN, ZOIRABIEFTIOT7 4 - )VOXMESHEML, BHRBEOKERTHIELBD BIG
NBLK—BULTWE, Z2OZEePD, BTOTADOUARLA TICREEIICE 5 MAEsE
DEAPEELTHEOTRARNDIEEIDN S,

RBICIHMKEFTEEPETH 5No.8(@)B & UNo. 9(O), & 5 IC B IF &5 AL 3B (No. 10)
(PIEHOPVWTHEERIT>R o~ ¢ HBERULE, LTRUTEERBICHELT, M2
BEEHEZPENN, e BERMEZGLIIINDAETHY, 0-c HWBERNPESELE
Y235GPalC MICT 2 AR R EFT 2 —KOBEBMTERT I LMATE R,

R2KWE, ERRVZFUVYVORTFRHBHHROKESBER L CHLUTHEShEME
FEHTRULE, REEMSHEK, XBEFHEICIYVBONEEREHE, Sy any
Mov, FERMEPETEE, FABMBINARY bVEAWTCEBOAEEME B, HEME,
BIUHEEZAZDOOP TRBBMERMN200Pas B 2 ERLUE, FXY, HEMER
HEFE, HELORE, BLXTHWSIOERICHKE L TI60GPad » 494GPaic T 5 {H M
BHESHATHY, Cristdh A, “HORXENICHO>IE B BIZBEANRETERL, £8
HCBOAENOBBROBERMBICTELRN" LRRTWE* b BEIE R, k-,
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8050 MPa
5410 MPa
3700 MPa
1490 MPa
Before loading
73.4 743 ~75.2
20(°)

Fig. 6 Diffraction profiles for the (002) plane of polyethylene No.7 before
loading, at loading and after unloading. Fitting curves are also superposed

on figure
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Fig. 7 Stress (o)-strain (e .) curves for the (002) plane
of polyethylene No.7. Strains are detected by eye (O)

and by curve fitting (@), respectively.
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Table 3

Observed and Calculated E

1

Values of Polyethylene Already Reported

Methods

E1 Authors Years References
GPa

X-ray Diffraction 235 (r.t.) Sakurada et al. 1962 2
235 (r.t.) Sakurada et al. 1964 2
196 (r.t.) Miyasaka et al. 1966 17
255 (-165°C) Ward. et al. 1978 3
150 (r.t.) Ward et al. 1978 3
266 (r.t.) Ward et al. 1979 4
213-229 (r.t.) Matsuo et al. 1986 16
235 (r.t.) In this study
235-254 (-155“C) Chapter 3

Raman Scattering 340 Mizushima et al. 1949 18
358 Schauffele et al. 1967 19
290 Strobl et al. 1976 20
281 Kobayashi et al. 1983 21

Neutron Scattering 329 Feldkamp et al. 1968 22
329 Twisleton et al. 1972 23

Infrared Spectrum 267 Wool et al. 1986 7

Calculated 182 Treloar 1960 24
340 Shimanouchi et al. 1962 25
290 Miyazawa 1965 26
256 Odajima et al. 1966 27
160 Alfrey 1966 28
316 Kitagawa 1968 28
285 Frank 1970 30
324 Wobser 1970 31
243 Shiro et al. 1971 32
297 Boudreaux 1973 33
221-245 Perepelkin et al. 1974 34
380 McCullough et al. 1977 35
316 Tashiro et al. 1978 36
494 Dewar et al. 1979 37
405 Crist et al. 1979 38
420 Brower et al. 1980 39
345,406 Karpfen 1981 40
305 Suhai 1983 41
341 Sorensen et al. 1988 42

Observed 262 Barham et al. 1979 43
(288, -196°C) Barham et al. 1979 43
220 (r.t.) Kanamoto et al. 1983 10
216 (r.t.) Matsuo et al. 1988 44
232 (r.t.) Kunugi et al. 1988 45
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WAHACHBET ZADMBECHOVWTRERERRINA TR, Fk, A¥ETRRECBNT
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BUERCICHIIHARIELSLERL, HBICHSWTRE2326PaE COEMBRE TN TEH
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Fig. 4 Schematic reprezentation of (1) Homogeneous internal rotation
angle model and (2) Kinked chain model
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Fig. 5 Relationship between temperature and
the elastic modulus E, of polyethylene
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internal rotation angle model with
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300
PE No.2
©
o
(O]
w200}
1]
3
|
O
@]
£
2 100}
7]
k|
ul
0 1 }
0 50 100

Temperature (°C)

Fig. 6 Relationship between temperature and
the elastic modulus E. of polyethylene
No.2, calcd. based on the kinked chain

model

31



YOkt HE, TOESHFRIXICTO L13mol¥L s, aHiC, BIEFNVEHEREL, R
(DK&KY E 258 UE,
1/E: = (1-X)/ E:° + X/ Exinx 1)

LEL, EDRBRECBI S E,0#BERL, £.°E. .. X&%, EROE B
CkinkqAOBERERL TS, £&, XIkink&HBRTH S,

B—DETNB_OEFNEOOWTE DHERToE#ERE2RNS, 6IC&ARLE,
HEUBALIBREDIC, B—DETFNLVTRBEOLRCHED E.0FLELIBHTESR
Mok, —FH, BZOETFNVCBWTkinkOBER %0.356Pa L UEBE, E.OBEKYE
MELSHBRULTWS, Z0ZedD, No.20PED E, 0B BRTHOETIY, BEDLRIC
PESRMIRBOMMICE Y FFHAY—CACAELDEERB LYY, BULAZERW
kinkd & D —8HEHCHBMUERIASFHCVEEAZH, ZOBH>ORBEEC X
BEHMNECILEDLEERABZLLE>TOABRETERZLAHELIC RS,

DE, No2BBICOWTHELWERBICONWTRARTEEN, KIS, No.3RED E,D
BEKGFEEZRIFUE,

7, No. 3B (002)E X HWTHERTT--EMRBEBEOBEERUE, EHH
BZBEDLRICHEOBINMEYT 55, 50CICREEANFEL 2, Bl SEiE CRERER
BR2EICR>TBY, ZhidN. 2R8BIC—H LTS, LALEMS, N 2RBoBE
B2 365 CTH DI U, No.3RBTIRSOCTE R, £, No.38E o) 7
EMUTEAKBQIOBEOEMMBEREDMFRCE N THHSTICHMAMNEEL, =
DEREEHFATHRBEREAEBIZL6 X107'K "2 5.8 XI0'K'ALHMALE, 2hdDZ b
M6, No.3DPETIRSOCHLHKRBNF FHOESHUEMNHKTIEDELEEIOAS,

1.273F  pE No.3
<
o
£
3]
81.272f
7]
o
2
3
1'271 1 1 ] 1 1

20 40 60 80 100 120

Temperature (°C)

Fig. 7 Effect of temperature on the lattice spacing for the (002)
plane of polyethylene No.3

32



PE No.3

0.2

50°C

0.2 80°C

Strain & (%)

0.1

0.2 12°C

0.1

0 L
0 200 400
Stress o~ (MPa)

Fig. 8 Stress (0" )- strain (€ ) curves
for the (002) plane of polyethylene
No.3

33



300
PE No.3

3
o
!
o

Elastic modulus Ep (GPa)
o
o
|

1 1
o 50 100

Temperature (°C)

Fig. 9 Relationship between temperature and
the elastic modulus E. of polyethylene
No.3, calcd. based on the kinked chain
model, filled circle indicates the E

1
for annealed sample.

K8k, No. 3B FFAMEHTH B (00D EE2AVWTHEZET oL EBEICHIT 54
MEFOo-cBBRERUE. BEBILUNCHo-c MBROBHZBIFE—CH oM, 2hil
LOBREBEBTHREMNEML THE, 2O LN 3RBO F ICEEKREEIEET S 2
EERULTNS, ECTRICo-c HBROARMSBShB E ¥ BEICHLTTay hL
=

ROICiX, No. SRKE D E L IBREDMFEERLUE, EMHIZ50CFHE $ Tld2356Pak — &
THHMN, CORBBUAETRBICEFLTWS, nd, KNP LM Tikkinked chain
model Z HHWTITHEHERERERULE., kinkBAOBMER ENo. 2L H U <0.35GPak LT
HHEETH>ERZER, FOBRTUEDIREBRBIRRS>TOEN, No.3RBICHWTY 7,
NEBEKFHELISBFRLUTHWS, ULEDMHST, No.3RHMOBETHOE ODETY E-4
FHICHAZhEVBROBHEBIONBERICENDEEERHDE I ENTEDZILNLER
Lbhd,

EC, BETo-cHMBROMEETOE, 27U -T2 TRABOMMBEENSTLL,
WHOREY—FHRECHE, EMETTLHEMEADH D, 22T, No.3REEF5H
80T, 100MPaTIRMHIAALE 2T >ERBICHOVWTROEE HENIBMOTRLE, B
Y, 24T T234GPa, 66 C T193GPar B o hr, Ch L OHIEWTA BRI BFODKERIC—
BLUTHBY, BRTOE OETEZOID RMABEOEILCES<bOTRENWLE

34



0.5

©
ol

Strain € (%)
o

o
3y

0.5

PE No.4

22°C

St.ress o (MPa)

1
50°C S
A
80°C
1
110°C
g”£555£§)’ i
0 200 400

Fig.10 Stress (¢°)- strain ( € ) curves
for the (002) plane of polyethylene
No.4 35



300
PE No.4

]

a On O O 00
w200 |-

n

2

3

R,

o

E

2100}

7))

o

w

0 [ 1
(0] 50 100

Temperature (°C)

Fig.11l Relationship between temperature and
the elastic modulus El of polyethylene
No.4

ZAbhb,

HE, No.2, No. BBICBWT FEKRBEKENELAEY, BHRBOREREEHCSY
SZHEMALMICTBZLEERLUTELE, RIC, No. 4, No.5RH O E ORBIKEHICONT
REETH~=,

R1OKiE, No ARHTFREHTHH(0D)HEEHAWTHEETHEEBECBITS
R TFDo-ceHBREHETRUE, BEOELRCHEVABCMABLIRAIGHIZEY
UVEDN, No.2,30BaLRERY, N 4T o-c O BBEIER»HIIOCEC—ET
Hol.

R11KE, N dRBO F LiREODBFRERLULE, REXUYBSHAREDIIC, ERTE
MPHINNTCICESD £ T2356Pab —EBTHHE, Thaabb, BHBELsRICLELE, £%
MCFEEOPETCHDICH 22D Y, BBETCE OETTIHBELETULRAVEANEE
Uk, No.2,No. 3BT E DR T 5\ EBLICH v Ciii MR i B 210 iC Rl S A ELE
Uk, EZTRIC, No. dRBOEHIBOMBREH R L =,

L2, Mo ARB ) EOEMHR L BEOMEERUE, GHRIREBEED LRICHE
VWHBCRI L, TORERFER e BB SIICIKESETLI 0K ' THo1=,
ZOEE, No.2, No. SRBDEBRBD ¢ CEIE—H LTS, $abb, WFhOREIC
BNTHHTC, HH5VEBESTETRHZNORBREAEAZIEELL, #BAFACECEAT
BT 5., LAURAD, No. 2, No. 3T EDHESND FHOEHHO AR %

36



g 1272 PE No.4
o
£
Q
®
o
(1]
©
L
5
1.271 1 1 1 1
20 40 60 80 100 120

Temperature (°C)
Fig.12 Effect of temperature on the lattice spacing for the (002)

plane of polyethylene No.4
RBUTHIRMERLSKREL 22DICHBELT, No. RN TREZDE EOBA TIELE D
2o, ZOZ L, No dRBERAICBVTR, §iROE >R E, 0BETE2LEDTHTE
BAELC TV RNWZIEERLTNS,

R13ECEk, No.5RKD B L BREOMKR, BLUEMREBEOMEEHRETRUE,
No. 4R U <, EX110C &£ T2356Pat —ETH Y, HHERDRE DO ERICHENBRICK
YUk ZOEDRPECRE M BRTETIZ2RBEETURWRBAEELEN, B
BORINOEHEOMBNATA -2 —LOERIWUBETIE R, UM URAS, No.d4,

300 pE No.5

—O=—0=—0O=———0—0~
200 F

Elastic modulus (GPa)

100 |
1.274F

1.273
1.272

1.271 L 1
0 50 100

Temperature (°C)

Lattice spacing (A)

Fig.13 Relationship between temperature and
the elastic modulus E., the lattice spacing
for the (002) plane o%‘ polyethylene No.5

37



No. SABHZ L XMICHFEOPETH > THRRAN FHOEGHH L WOIBALLIEE2<R
HTHY, COZLHLBDODE DREKEHDERCR--EDDOLEEIALNS,

3. 2 BRCBIEABEROREKEFR

BT, BRETOE OREKEERRILEY, KiC, -165CETOBRKTO
WS & 47 L

B14ici3, No.SRBTFRBRENTHS002)EE2HAWTCRAEEZTo=Q)FER, BLU
(b)-155CICB T B REBFDo-c M ERLE, 2, M)k, FESCIYE
HhzHigh tenacity fiberdERTH o-c MM EGF R TRUE'D ., &8, ROKEX
HEZR->THSN, RERSCCEBO Y —LiE), 1), () TRLTHS. (D), ()&
Y, BRBRECBONTURNLVATTEIPCRAEERFOTAE-155T KR TG 715004Pa
KELETEBMNICHMUE, £k, -155CIKBT BNo. 3B D E, & L T546Pa0 il
Bohr, MEABDE, 20CHXT-196TIKBT 3 E, 2 &2HEL, WFhOEHE BT
GPafHE/BTNSE'YN, ZOHEIR14THLAEKERCHEL TS,

PE No.3 at-155C
0.6

04Fr

0.2 |
Ez =254 GPa

Strain € (%)

1 1 1

(o]

o 500 1000 1500

b c
PE No.3 at23TC high tenacity fiber
0.2 0.2F
E‘& =235GPa Ej =235GPa
0o 1 0 1
0 500 0 500

Stress 0~ (MPa)

Fig.14 Stress (07)- strain (&) curves for the (002) plane of polyethylene
(a) No.3 at -155°C, (b) No.3 at 23°C, and (c) high tenacity fiber after
Ito et al.

38



0.5

o
&y

Strain € (%)
o

o
v

0.5

0

PE No.3 PE No.4
24 °C - 22°C
-51°C . -—51°c .
-100°C . _-100°C .
-155°C . -—165°C .
ecl)o 1600 0 860 1600

Stress 0 (MPa)

Fig. 15 Stress (0~ )- strain (& ) curves

39

for the (002) plane of polyethylene
No.3 and No.4



R15iCiE, No.3, BE TN ARB(002)EICH>WTERUTORBBRTCRERITHE
REFDo-clBERUE, BRETRVWThOBAH1000MPal Lo EAMTZZL
MHTE, o-c MBRBEA*BIEMTET LN TEE,

R16KE, RN1500-cBOARMSBOhE B LBEOMFKEERL L. No. 3R
B E 3 EE T2546Palc MU DI LT, No. 4RB O E,13-165TICE 5 % T2356Pa
E—ETHor, &BE, RBEPTIE,No. 2RBD-150CIC ST 5 £ HERLEM, 248GPa
OEMPEBHNE, UEX->T,PED EEIZERICH W T H2356Pad H254Pak TTH Y,
300GPa: A B LD RERBO AR I E,

ChALOWECEVTROTABE Y A& <IMALEZ LA D, 2356Pal 254GPad) X E
REERBELBL, —CHBEOELEIORS, LALRYD, Z0ERWDEIREBCS
JBPEERYE LT INA— VO E DELARETHY, BRCBVWTHHEHANOLF
BOEHBBIAENCH—TH2b0LE2ABN5, £, PEOBINKEREESICHL
T-120C~-HMOC K HERBAFET B2 eAMHBATNSE' ", ZOHBIR-OUED
BBOBERADELEXSLATEY, TALON—DRERNBORKICESLERT
Wa, UAULRYS, EMMRZOBEBETAERELERLTOARNIEDS, ¥4
BICIIESATOHBFRANOESHE- NEIEEL TV RN DEEISLE,

300
TG - o

N

o

=]
T

100

Elastic modulus Ey (GPa)

1 1
-150 -100 =50 o

Temperature (°C)

Fig.16 Relationship between temperature and the elastic
modulus E, of polyethylene (open circle);No.3,
(filled circle);No.4, and (half-filled circle);
No.2

40



4. ¥ B

RILFUVIOFTFREABOKGBER E, OBREEKFEIEE-165TH 5 110C o i K &
HTHMELE, TORER, RECIY EEXABRCETT2HALETULRVEANE
BELE. ZOBRKRCIBEAS TFHOMBEHHPEE U TSY, HFHICE L R2iTkink
O —MEFCHBUELEI PV BEA SN EEFTVCHHTESZZEXHLMCE >
k. ¥k, KRN THOEHHEIEWROMBRESHCRB S h, EHEOEILT 58
Fa BERL, BHUZBIXYFHICIREASHA, Z0BIONREKBICLSEH
WECEED E/ZEOBEBULECETT200LEAbhE, —F, HiBE CENRE
DREREES—ETHY, REHORRAPBEO LRCESTERLRVES, F i
ELed, TOBEBHET—ETHHDLEIDIE, X, EMHIERCSNTY
235GPam 5 254GPaE CTTH Y, HFHOEHBBIN B L AENCE—CHdbDEEL
Lhik,

X
1) waiBsZ, EE #, KAR X, WAER, S6EHY THHL, THE, p 2438
(1987)
2) P.R.Swan, J. Polym. Sci., 56,403 (1962)
3) G.T.Davis, R.K.Eby, and J.P.Colson, J.Appl. Phys., 41, 4316 (1970)
4) Y.Kobayashi, and A.Keller, Polymer, 11,114 (1970)
5) M.Takayanagi, and T.Matsuo, J.Macromol. Sci.,B1, 407 (1967)
6) N.G, McCrum, Makromol. Chem., 34,50 (1959)
7) R.Popli, M.Glotin, L.Manderkern, and R.S.Benson, J. Polym. Sci., Polym. Phys. Ed. ,
22,407 (1984)
8) S.Iwayanagi, Jpn. J. Appl. Phys., 4,94 (1965)
9) H.0lf, and A.Peterlin, J. Polym. Sci.,A-2,8,753,771,791 (1970)
10)F.Horii, and R.Kitamaru, J. Polym. Sci., Polym. Phys. Ed., 19,109 (1981)
11)Y. Wada, and K. Tsuge, Jpn. J. Appl. Phys., 1,64 (1962)
12)W. Pechhold, Kolloid-Z., 189,14 (1963),228,1 (1968), 241,955 (1970)
13)K. Tashiro, M.Kobayashi, and T.Tadokoro, Macromolecules, 10,731 (1977)
14)T. Shimanouchi, M. Asahina, and S.Enomoto, J. Polym. Sci., 59,93 (1962)
15)1. Sakurada, T.Ito, and K.Nakamae, Makromol. Chem., 75,1 (1964)
16) A.0dajima, and T. Maeda, J. Polym. Sci.,15,55 (1966)
17)K. M. Sinnott, J. Polym. Sci.,C14,141 (1966)

41



-8 ATRRCHUTEASHOBGELE

1. # &
BATFHRAZEHFRCIEEZLEATHEINR TS —F, 2 F#HMICEvan der Waals
N, KEBEFOD_KBEENAUMBIBRVWEONENRRAEIBRHOTKEN, UEM-
T, #FHBICHUTEASFROBRBREXR F.OBIX, BHCK35 FHMERROHX
CHIGL, ZOEISEHFHMOBEL ALY - RO TR HICHIIMRESB
5Z2eMTCED, KBTR, & F#iMICvan der Waals 1A @< REBPHRBE S F L U TPE
ERBEUTIY EY, -1TCABHICOEWBERBECE.ORBEKESELMEL 2.

2. ERF

2.1 R H©

ABLUT, TRETEPE(MAELMH &, Sholex 55517, Mn=2.09 X107, Mw=17.92 X
10%EAWE, EEBARXUVY ME21I0CTANVDM T LU AL, XKkbARBUEE, BTHE
FCOFICHEMU, 120CTIRMRBR T CTHRAMEE2ITO>ZEIC LY £ EHER - 208
7 ANV L(EHK0.5nm) & 7 7%,

R1IICIHMWECHUEZPEI A NVLADZERTOXMEIFERAERLUE, REVUBELIBR L
DKRBOKRAELRSTCHMBEROEMKERRBIFCH S, £, FARH L VaihE, bl
ReERDBE, 21CKCBNTHE L, a=1.42A,b=4. A THH .,

Fig.1. X-ray fiber photograph of polyethylene film.
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Table 1 Characteristics of Polyethylene Film

Density (g/cn) 0.956
Crystallinity ¢ 73.0
Crystallite size - (A)
(110) 125
(200) 135
(020) 122
(002) ' 180
Melting Point () 142
Heat of Fusion (cal/g) 47.9
Degree of Orientation : 0.964
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Fig.4. X-ray fiber photographs of polyethylene
at different temperatures.
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Fig. 5. Stress (¢)- strain (¢) curves for the (020)
plane of poly (vinyl alcohol) at different tempera-
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Fig. 7. X-ray fiber photographs of poly(vinyl alcohol)
at different temperatures.
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Fig. 8 Effect of temperature on the elastic modulusE,
Solid line indicates the calculated Ep; value at
Exink=0.77GPa,and broken line indicates the calculated
Eg with homogeneous internal rotation angle model.
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2. ERFE
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RO 2B OPVAT 4 L (BLTF, syn. PVA(55. 2%) % & TFiCsyn. PVA(63. 0%) L WE#Rd 5. )
ERLVICARULEZECHEM - BAMET, EREHRABE UL, EM - 2ULBIICY -
ST E, TEZH2ETHABOERELEER—ICLLD LRAEN, BIiC, EMEH
ﬁ#ﬁﬂmﬂkﬂf&U,&Vyiﬁb%y?4~®ﬁMEOhﬂW#m$tmcto
IWHLBYYIVXEIFUT 4 —PVAOBREBRZKOEY TH5B2 Y, syn PVA(SS.2
;EI)X—EUTMY I VA OBBME =L E M, B0CIKTHEBRELTRY VAN
—AFY A REH, WKEEE1T-o, syn.PVA(B3.03) : SEJv—¢L LT MY 7040
MBRE-LVERY, BREUTARY 2D E20v01%MA, -18CICT 2,2 -azobis(2, 4-di
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. BHONPVARIS0OCHEHRTHERL, SIKBEBIPOF Y I N T4 VL EEMUE,

Table 1 Conditions of sample preparation for
various poly(vinyl alcohol)

syn.PVA(55.2%) syn.PVA(63.0%)

Drawing
temp. (°C) 160 200
(times) 8.0 6.0
Annealing
temp. (°C) 190 200

time (min) 30 30
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syn.55.2%

syn.63.0%

Fig. 1 X-ray fiber photographs of syn.PVA(55.2%) and syn.PVA(63.0%)

Table 2 Characteristics of various poly(vinyl alcoho!) with different

tacticity
syn. PVA(55.2%) syn. PVA(63. 0%)
Syndiotacticity %) 55. 2 63.0
from IR

Specimen modulus (GPa) 27.8 17.5
Crystallite size (020) ) 104 86
Density (g/cni) 1.312 1.309
Crystallinity *) 57.7 54,6
Melting point ‘) 242 254
Heat of fusion (cal/g) 21.1 23.6
Degree of Orientation 0.977 0.964
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Fig.2 Stress-strain curves for the (020)
plane of syn.PVA(55.2) at various
temperature. 0;20°C, ©;99°C, 0O;
126°'C, @;150C.
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Fig. 5 Stress-strain curves for the
(020) plane of syn.PVA(63.0%) at
various temperature. Q ;18°C, @ ;
100°C, ®;125°C, @;150°C.
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Fig.6 Effect of temperature on the
elastic modulus E, for the (020)

plane of syn.PVA(163.O%).
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Fig.7 Effect of temperature on the lattice
spacing and diffraction intensity for
the (020) plane of syn.PVA(63.0%).
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TANLEERUE, SBKIOS EFEHRE TEML LK, ISMETET CRLE %
F L&Y EMERRMLE UL, SRVOFUEHRRLCELHOTRUE, 20
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WHESEKE2HECIY, JALTBZLIKEIYEWRAELE,

2. 2 HEWHEBEONE

R OB A (Tn) LR EEERR (DSC) 2 AW, BEEEL0/mn, R ERSIE~INgD
AHTHEL, MREMOY -V BEL YRS, FEFC, U—7EREYBRSRE SR
. BB, BERREUTEAY YUY AEBOWE,
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Table 1 Sample preparations of ethylene-vinylalcohol copolymers

VA content (mol¥) 0 6.1° 13.8° 40.0 * 62.0 73.0 82.0° 100
Sasple Nane 108F-2 Ive R 24Ty dR YTV EP-H101A EYOH ¥Z-1345 NH-18
$560 P-3307 DI '
{4 8 SREVPIAN ZHRUR MM Bxag 15 Bxak BORA+ Akag
Method 170° 130T 160T 2007 200% 235T - -
pelt zelt pelt nelt nelt pelt _
press press press press press press K
Drav. Teap. (V) r.t. 90 90 80 100 100 90 180
Tines(-) -5 1 8 4 11 8 5 7
Anncal, Tenp. (1) §7 90 90 100 110 120 150 180
Tines(h) 2 2 2 2 2 2 2 0.5
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RMULKRUE., &8, PVAORZIEBE M CIVHEEShERERT CHOWT, PEED
HEOEDEBICH FHOBLANETDZEODKKRFEFITBH IR THS, EniC, F
flickmBFErEREDLEEFEFERLUE. EXYBLIRKLDIC, PEOKFO LICPVA
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LR AYEY T TES, LHAURYD, AyFy JICEU TIREMMS, hiond T
EPED HPVAICE 5MM65° HiEx g R T hiZe sy, £, EVAICH W TPED E$HICOH
%#!-J\éhé};aiﬂﬁ‘ﬁk‘é‘é:t&:&‘)ﬂﬁiﬁ%’&%fﬂb, BFRIRBICBERAHRIC
R CEREENTNEY, LEN->T, FHBEBROEVACEWTH FRIIRET LHH
WKIEWERERY, BAARONRYXR VT CRBbDEERIHNSE, B, ZOBEKD
BICHFHMNERMEN, CHhICEXTEEEVAO E X ETIBHDEELHNE, FZTKRIC
#iE F CTC/HRUEkinked chain model® AW T, EVAFRMIERICB T30 FHOEHED &
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Fig.3. Stress-strain curves for the meridional
reflections of ethylene-vinylalcohol
copolymers.
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Polyethylene Polyvinylalcohol

EaEE

Fig.6. Unit cell of polyethylene ahd polyvinylalcohol.
CEOETORRERETUE,

EVAOS FHOBREALTKkinkiC XD EEELVEBE, T0H RIZVAL0. OnolZiCB W
T1.50mole 25, AABERERTICARLE, REVBALAMIREDIK, H—AREBEAD
FEFNV(HBEBR, VA0.0molic B W T T=156.8"ICRB)TCRVASHRICHD £,0%1L%:
2L BUHATBZEMNTERD>E, —7F, kinked chain modeliC B W T Evinx=1~3GPa
UEBA VARHRCHED B OBLE> $<BHHTHILHNTE, B, Eui.ucl.90Pa
B Thest fittingA{Gdhiz, ZOZEXPHEVALB W TP HBEKRTH FHEMIE—
KRUhieEZZLYBDLUA, & AEkinko kD%, —WIEHICHBLUEZRYES
FHICHVRBREAZH, ZOBP0NREBICLIERMECEED ENETLEDOL
Z2Hh0h5, TZTRIC, ZOkinkXBEEOENCIVEAZINEDIH BV IEMIRSD)
KEIYHBMAShEDONERFTT LS, BIRBHAMEI N E-150CHERIKTH E. DR
EEfToE,

3. 3 BRICBIIVAORGREHLER

RBICiX, VARHRE2. Omol3RBICH>NTHE 2, (O)25TH & T (@)-150CIc THE
27k, SFHBFHROERBTFOo—cBERLE, &Y, BREOETICHND
HMAEXHEPY U, E,DEIX108GPad» »226GPalc ETHMUL =, £, BHEAMLHERT
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Elastic modulus (GPa)

E,,,, =1-0GPa
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Flg.7. Relationship between the elastic
modulus E, and VA content for ethylene-
vinylalcohol copolymers.(); observed E,,

;calculated E; with kinked chain model,

—icalculated E; at E,,,, =1.9GPa,~--;jcalcu-

lated E, with homogeneous internal rota-

tion angle model.

0.20
)
=
— Q
o E, =108 GPa
= 0.10}
£
0
-150 °C
E, =226 GPa
O ] 1
0 100 200

Stress (MPa)

Fig.8. Stress- strain curves for the meridional
reflection of ethylene-vinylalcohol copolymer
(VA 62.0mol%) both at 25°C and -150 °C.
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RORAEIRETH S,
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B35, ThiCHE-TEOMEICHNEZ20=T2.8 FEDRHOEED, (0013)H7 5
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Fig. 1 X-ray fiber photograph of polytetrafluoroethylene at 16C
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100 |
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A

0
-10 0 10
Angle of inclination (deg.)
Fig.2 Diffraction intensity vs. the angle of inclination for the
meridional reflection of polytetrafluoroethylene
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Fig. 4 Relationship between temperature and the elastic modulus E, of
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RCEBMNECE BBIUCHEMBRIEMRELLERL TS, BildDL DI, PTFEL
RIZI9CLICICEB AR EL, 19CTI3/6HBAMS P UL RAREBERLZ1I5/TH ¥
IANEEBLU, AHRED, Wb BIVRIZERICARBZLNXAO RTINS, Z0LD IR
APHLIVEADEBCLY, BERSTHEIOTIRELFEY S VHBBENEE TN,
Hyndman® ) 2AME U TWB LI, AR FHOFBE DY 0B EEH ML R Y,
SFHMEREENEAL, FTFHEH—FOMEEIT25.3ADH2T.TA* ALY 5, 28CK
BI B ENXI58GPaTH Y, ZThRIICUTO EMENIFICHY L, & FH—KDMHEM
OHMEICZELL, $abS, YCOBBALETS E,0BETRAFE-AONEAD
WMMICE S HOTHY, PTHEBFOEHBBOENRICEIZ2DO TR, BN h
i, HENrEAIASCEXLEZHE, ICOKREB CRPIFES FHOSEBATAAORIEHRI
FOEEHREBEEND, —F, 0CL LT E {HIZ135GPan LT U 2. 30CTIX, Kix#E
OEEES L XICHTFHROBBHRADELESHDERCRY, [REHK\EBTS, U
EN-T, @A RAnliEEHoRESr a7+ A~-YaryEoRBEeEdU, Zh
KESE EMEYETULUEDDEEZO NS, EHIC,I0CULECEMBYHEML TH3,
i, I/THBARICIN TV Ry T4 AV a s BAShEEDEEZLRTNS
1.1 Lz pfl, EfHIX135GPak —ETH B, 125CUETAFYTOALXICETLU,
A26Pat BERIUTOEDI/AC R, Zhik, TSI BAOEB'Y CHIGL T3,
TR FHEBESHKENEaY 72 A-YayeERsZ XA TBY 'Y, B5
KRUZLIOCU EToBEMBOMINEE X, BRASFHICTI-YaaryrsxA—Yay
HUAZNTHLKZLERLTWS, d—Yaarv I+ A—YayNBMAEhd LT
NDEHBCHOEBEDMEWAREBEOBBANDY, FEXBBIT2ZLRHEETT
TRUTEERYTHY, COIRIST BADOERBICEY, PIFEOS FHIEEBH TERIC
Rolk,

LK, AMTHWEPIFERMEOZRILLEZRE CORBOMBER, BMiHE, MU

Table 1 Specimen modulus, Tensile Strength, and Elongation at brake of

polytetrafluoroethylene fiber

26°C 99C 208°C
Specimen modulus {GPa) 0.73 0.68 0.24
Tensile strength (MPa) 115.6 68.8 41.1
Elongation at brake (%) 23.0 16.9 15.0
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Fig. 1 X-ray fiber photograph of polytetrafluoroethylene for E,
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Fig. 1. X-ray fiber photograph of isotactic poly-
propylene filament.
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b=20.96 A, c (MMt )=6.50A,8-99.3° TH 5. N T AN OKMIMER(E,))DORNEIC

Table 1. Properties of isotactic polypropylene

Isot. PP Isot. PP

filament film
Density (g/cm?) 0.894 0.892
Crystallinity (% 53 51
Melting point (°C) 173 169
Degree of orientation 0.97 —
Long period (A) 155 —
Crystallite size (A) 98 —
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Fig. 7. X-ray fiber photograph of isotactic polypropylene
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Fig. 4 Schematic representation of the two adjacent helical chains in the
crystal viewed along the a axis. Broken lines indicate the van der

.. . . . 4
Waals radii of the methylene and methine groups in the skeletal chain )
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RBHEER Y, A& 2, 6.46Pa,27GPaTH B DICH B U T, MISELAD ZhiX60GPaTH ¥,
HMETHRRELDIC, HRkHEINhE £ H5836PasBAARBTH D, UALRND,
BEMREE R, MURDOKE OMISELAO MR OB HEE R TEMCEL, 2oz LKL ICRE
UVEXBBEREIS bBEREHhE,

RF, chn 3EEOPMER W, HFHEBAROZSHEMER £, 5L 02 0BEKES
KOWTRE 21TH =,
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Table 1 Properties of Three Kinds of Polyoxymethylene

Drawn POM Heat Drawn & MISELA
Annealed POM

Melting Point Tm C 181 184 186
Heat of Fusion AH cal/g 38.4 49.7 56.0
Crystallinity % 65.1 84.2 95.0
Degree of Orientation 0. 946 0.975 0.971

Crystallite Size

Chain Direction D A 101 161 209

Distortion g, % 0.66 0.59 0.62

(100) A 74 102 184

(110) A 88 11 163
Lattice Constant

a A 4.54 4.51 4.45

b A 17. 29 17.38 17.39
Specimen Modulus Y, GPa 6.4 27 60

3.2 BMMBELRCTAIRUATYAFUYOBEBCHT SR BBER

B2 iCit, (a)iEM - BLERE, (b)NISELAOD & 2 (009)E % BV CHIE R Tk, 25
KB BRBBTOIKN(0)—0FHa(e)MMERLE, REY EF, M- BLERE
(U TEHMESZEALAY, KHH230MPa, 0T A0 ASCBHAEET 52 ADE
BTRTZLNTEE, CO0— c HBODMORL VIEMN - BLBRBOBBCHT 3
EMEUT520PartBohk, ZOBCHFR—ADMER(17.6A)EZML THSL
BAEI0.92 X10 °dynt &5, %, BHALMOEROARL Y BShEBEREY £,
LHBL, COEIE29GPaL BB, ZDLDICPONERD 0 — ¢ MBICHBADEL B2 &
WEEIC D 7 IC & ) AE 2R AL S AE (7 =1, 410g/cdl, &S 5 1L BE =67, 0%, BEFI K =0. 98, 3
S K =23GPa, clI =17, 32A) KOV THE SN TS Y, K2 (Q)OERIUFBSIE
E., E. {E(53GPa,36GPa)3 & IR AN 4 U 35577 (245MPa) 3t c — 35, BRHOE
WRRERoE,

K3, %@, SEHFCOEM RLBRNOXBBRERHERLE, REY, X
2(a)Do—c MBDBHEATEDIENCBNTLRBROEBIBESA b2, &
£, KENRCED ETRARTFOERITHOTHY, (009) K H B4 IZ5008Paic
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Fig. 2 Stress (o0)- strain (e ) curves for the (009) plane of heat drawn &
annealed POM, and MISELA at 25C
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0 MPa 80 MPa

199 MPa 302 MPa

Fig. 3 X-ray fiber photographs of heat drawn & annealed POM under various
stresses at 27C

BHEETC—ETHHoE. UEdMo>T, BHMEADFEERIBYIEHC L 3FERMMEDHKIC
ES5<bOLEADLND,

EHICFES MMM ET ST 4 WA (BE=1.415g/cil, RIIFM#EHE=5, 9GPa) = [
LTHE ORERTY, ERBEENT—HITHEEBTVWE",

Jungnitzb X REE 2 DPOMD E,QREEITHEHR, EWBEDIWEIRLEO S &
KEITSKRHOELN 740V - DEACEKELT, BRICBT 3 EHELL, B, 145
CTTILUFEMEFToERBICOVTIIIME ) DR 2 & Y 36CPan B EIC RS 2 & %38
ELTWS, £k, HROVPRSITVART M, FABBRZARY M LOBEKOIEDIC
FEVITIFRHCLIYRRY, ZhAXRHHAOENIRY—HICESI<bOEEL T
5, ULAUBRAL, SETRUTERLEDICPOND E, L U TH26PadBoh, XHIC4HE,
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Table 2 Observed, estimated, and calculated £, values of POM

Methods El in GPa Temperature Authors Years Reference
Observed
X-ray Diffraction 53 15-22°C Ito et al. 1962 2
105 -165°C Brew et al. 1979 3
44 20°C ibid 1979 3
51 22°C Jungnitz et al.1986 8
78 -150°C ibid 1986 8
a7 25°C Tashiro et al. 1988 9
52,73 25°C In this work
85 -150°C In this work
Raman (Longitudinal 18g Rabolt et al. 1977 10
acoustic mode) 146 Runt et al. 1987 11
Inelastic Neutron 149 whi te 1976 12
Scattering 164 Anderson et al.1982 13
Estimated 100 Iguchi et al. 1982 14
110 Takeuchi et al.1984 15
74 25°C Tashiro et al. 1988
104 ~-150°C ibid 1988
Calculated 150-220 Asahina et al. 1962 16
72-132 Ito et al. 1963 7
40 Miyazawa 1965 17
153 Piseri et al. 1968 18
95 Sugeta et al. 1970 19
109 Tashiro et al. 1988 9
64 Sorensen et al.1988 20

10T THECHEML, BABEEITDOEPH>ERBICOVWTS E,52Pan BB hEZ LD
, XBHCHRMBUEREZNESTBBO “BHHSOHEE” FPOMICONTHEILTH
2bNEEILND,

RIC, B2 (D) ICHRUZMISELAO R BB F D 0 — ¢ HBICH VT, EM - RLERE
KHBUT, BHMAOED BIEEH3006Pan b B8ML, SENHARLY E e LT
73GPa, E,fHE U TSTGPadt@ b hz, &HIC, fHEH1.25 X10-dynk % %, MISELAIL
3. 1THRELIIKC, RHMEERK Y, M606Pal, RERXBMMICRDBIE £, H53CPa%
LESZ RS, EfEOHFBARD LA TE LN, K2 (b)&k YMISELAD £, & L TT3
GPad B Hh, Y % EHAZLALZDOFELAIRBEEIAELDOEEXD NS, 1,
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MISELAICBIU T Y,/ E,1=0.82TH Y, REMHUEA DK R OF LS 13K & 012, BaILE,
BERORAESLVEBRETELTELT, VAL KBOBRDE LY THS L
EXLN5,

BT, R2ICRERMEShE, POMO E,CHT2HATEME, ZE, &&0EDH
EONBEREIYVEBOSNEBEBEERLE BRIV HEBR HECHAWEREBLCHOE
BUCHKH U TA0GPa & 1506Padd KW BB IC D = MM E XhTnb, 7=, EHNE,
BB, XBMICRDONEEER N TI0GPal FOB W ENB LA TS, ZhdO
PO FROEHBENEB THE L EME->THY, ARRICBOTHILSE
MICZ<FMOPONTH Y RADEM - BULTERK L NISELATHEREF D 0 — ¢ RO
MERICU, EMELUTHE X, 526Pa, T36PadtBHNZ LV FEHHERLE R oF. 2
TR, ZhADDAEHOACTIHNTE OBRERFEYNET S Licky, &
RS FHOBEHE VW OIBAI LRHE LT,

3. 3 MM -BABRIVAIXFDAFLVVORKAREROBEKEN

R4iCiE, -150CAH+125CIKESL ZBE TRE R 1T -2 M - BULERE (009)FE Ic
MY LRBRFOo-cRERLE, REY,BBICHBWTo— cfificAEL 5 EMES
F-10CUTFTOEREBS ST ICUEOBRTHEEL, £ U THERESHETRLTH
5. B8, HKABFOUOTFARIOThOBELFEFNTH >, £, 0—cBOIY
ARBEBRBEIASBED ERICHENEZICHMNL, BRCBETIABICHENLE, 20K
RBIECREKGEUEMXEETHZLERLTBY, RKCOHMARLVESIKS B, 3L T
BEELA#ED o — c MBROBEEICHIGT B E 2 BEICH LTIy P ULE,

RS, EM - BMUABERBICHOVWTBOhE EEBLICE BOBEBEKEE S TL
o BWRICBWT526PaTH » k= EEIX-150C D EE TIX84GPaic MU =, UL & At
L, BEOLERICHEVE BERXICEAIL, 0OCULECBWTEBTOBEIIC—BL, LLig
HIWOCIKESET—ETHoE, EBHICHICTUEKCHNT, 0 — cHiBORESDHE
EXRCEHRZABCEIL, 266Pat ok, ABORRIIBAESNGCHMY LT R
VEFUIAXRIRY b aBICBWTHBEEEOh, c— c HBICBIARBEDM
% & H#IC85C T £ {HIX6GPaR & 26Pa~n@F L 7=,

£9, ¥BUEODE OBBEEKEHICHLT, R6ICIRKERE, BEHFTo Xk
REE, £k, R7ICE, 2FH@BHTHAOBERREIE T2 Y 2 8 uilheg,  OUER
fteERUE, 6 &Y, IGHEREE, BECEI->THERROEBIIAL T RN &M
oD Rk, £k, BENMSISCICES ETIBECe BIEE—ETHok., BB,
ZZTIX2. Z'C*SQBNK:J:’)LCSL#L}:L'CN:?’J’)Zﬁ)lxﬁ‘\lﬁh%fﬁﬁ;’btﬁ‘, 70
PUVAVEOENWERELEBACHBOVTHARENCRACUKEENELNS, ORI,
XBREOVCHME U 2B A EFRMICHRIRBIICL AL LEFT AL D OBMEICHIE LT 5,
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Stress(o )-strain(e& ) curves for the (009) plane of heat drawn &

annealed POM at various temperatures.
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Fig. 5 Relationships between temperature and the elastic modulus E,, E,’ of
heat drawn & annealed POM. Symbol [0 indicates the £, value obtained by
Jungnitz et al. (1986)%

-T, I0WCKBY S EDRABRIBERORIN MR, hoMnbsXUCERRDE
BLEILKDOTRARVWEZEABNS, 60, 100CIKB W T ICHIRSTREEH)IC
BUAERIBOMEBEIEEINTBY?Y, EORABKEESY, ZOREBICSWTELR
RATFHOEBHHDBBERHANECTNDBOLEZDNS, £, RPFBATERLE
E/'OE-10CHEIPSHBRU,30CETIR—ETH2A, T TAERMICEKETL,
120CUECE L E;DEMP—BUE, ZOZLREBHBELCBNWTH FHOEMBIBS -
T5zE, BRI, BRCBYIKIENTTCOSFHOEVBHRL, BRICHTS
BFHOEHEBBNREBIE-BITH2Z2LERLUTNEAN, F@ECHALTRSHBRITTAN
EMBTHELEIDLNS,

Tk, REMEXR YV BHBICHSOT2I(PaTH > 0A, BEOERICHENEENIC
ETFTU, L0CICBNTL4GPat o=, ZOM, EWF—ETHD, ULEMNST, Z0#
BEEREROBEROBRTICLS bDLEEABLNS, FICE AR, EHHEBOBERN
ETTHCHr2rboY, E/N—ETHB2LiE, ABCMRAEZEHXEHBERICHS
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Fig. 6 X-ray fiber photographs of heat drawn & annealed POM at various
temperatures
KHIZZLERBLTHWRDDEEIH NS,

REHBUTOE OBBERFEHICHLT, RS HOTRardd DR TRUEGE
1#;145C, 20. 6%, 2 LHE ;165C, 24hr), MM BRI ETFRARZ OO E AMEE RS
SHEEIICHUT, SHOKBRCRIAMELTNS,

ST, FMIBEETTRUTELIDC, ENRBKELT2REL, 20ROGEMHE
OHEREABOENLT B, Tabb, KN FHOMEHEICELSEDbDAZEELNR
SHIEUE, 22T, ENBERPSBBICEIETIOLD CE(LT BEM - BnmR
HiCoWTHE, BMBORBEREHCHOVWCRIEF-2,
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Fig. 7 Relationships between temperature and the crystallite size D,
the lattice distortion g,; in the direction of chain axis for

heat drawn & annealed POM

3. 4 HEM-BOBERIAXYAFV ORI L KRR

B8, HEM - LT RE o) 4 F S5 dh 75 1 (009) 1 o) iR THIBE & IR O BIfR &R U =,
BE, WEXREEBHE TIT-oE, Whiteb X, PUAFHUEEGWICONWTT 7 0 RME
REHERHL, KRETR I FHESFMORBRERIATH 52, 100K ETREKR
BEHELTVA?Y, ULALBRNS, &Y (009)H o) MBI & o bR B #E
UE., AROBRIEChoyb KL VYHEZNTHSE2Y, Tk, TOMMEEHICS T,

1.930
Heat Drawn & Annealed POM
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Fig. 8 Relationship between temperature and the lattice spacing d for the (009)

plane of heat drawn & annealed POM
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BE, jEM - MABERBICONTHEOLAERRERELED, KIS, KBICBT 3 E,
A T3GPa L B WE 2RI MISELAIC DWW CRBLAR, E.0BEEKEEERELE,

3. 5 MISELAORRAHKRDBE K#FHE

RO ICIX, MISELAR S (00DBEILODWTHERToLLZBETCORKBEFD o — ¢ hig
ERUE, B&Y, -150CHL-0CKEBNTRELARELS*BEI2—KDERTRT L
ATEEMN, 0IC~10COBREGH CHBAMXERAL, SS5CINCULELOBEREBRTHT
B SAHELE, 28, ERBTFOOTARCOBEHTRNTH-E, T TRIC,
- ceHROMPARS I UCBHSEODAR LY RO I LUK, B4 E, E/
FRECHLTToy bUE.

K10, MISELAW E,, E/ LBREOBRERLE, R&Y, -150CIKBNT £t
86GPal BIWMEE/RUTHY, ZOREBMTIHEM - MUBPOMD) £ HIC—BULE, =B
i, BEOLERICHNE RHB2ZICEHD UM EM - BABPOND E,20C T—EM52GPa
ERHSEDICHBEL T, MISELATIX, -60CHU LETHER TCOMIGPalc—HUE. i,
IW0CLUECBNWT EARU, 526Pak o, EBIC, E,BOCHEISHEL, &
BEOLRICHAEVEY U, 100CULETEHEIC—KUE,

W11, Konakadb iCKYHEEhE®, FAULKBFICBEMEITHoERHOBN
MK, tand (AEKS.5H2) % F ORIEKFELOFR TR UE, WO XEIMNIMERE L
T, -150°CC77GPa, F iR T58GPa, 100C T48GPadi £ ME LT 3, BB MEICL Y
BONZEHERILTUDEEE MBI IR TERNY, ZhbDEIRE 4,
BRMED E HDIE, 80%, 6TATHY, WFhOBREILIVTY E,> YV, OREMNEE
hTWnd, £7%, -0CUFTRE LHWHUROBEKELEOBEBIZEVICEML TY
5, EHIC, I0CKBI 3 E,04BIZtans 0AHICHIELTEY, Z0HBIEELS
BCRBERIZENTEZLDDEEDNS, Uk, NISELAKODWTEBOhEKESRA
TEED, EM - RAHPMMLALENICEREORIAXIVAFLYTHBIChbhA DD
T, EOMMESICEORBEKEHEOEHENRR L, 2 CKRICHISELAILOWTH
B, BHIRBOREREHORFT 2IT- .
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Fig. 10 Relationship between temperature and the elastic modulus E, E’
of MISELA

3. 6 MISELA I MHIKG & 8 B o) B4R
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BRI ECRERFELRRETZENEFEEHh, RoBLUN1 ORRUEE ORBEKE
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Table 3 Thermal expansion coefficient a. for the (009)

plane of various POM in 106K~ !

Heat Drawn & Annealed POM MISELA
~2.4 -3.3
-20°C -60 °C
-0.45 -0.24
100 °C 100°C
-7.8 -18.2

FULHBEDORDERIIEL T RY, RLAE, EBHETCRERLY 4 TFEEH2HL
KBRBEEZDRBICH22DLT, a ddhxiny, E/BERIYBBTLTWS,
INHDZEDDS, a . DMHEL > TE DKM BRI B LB TERVNBDLER
Lhd, UALEBAES, a . BXBLTZZ L, TOwMBHRTHRBNS FHROESHEICE
ENECTNEZLEBRLTEY, £k, a OHMNEMER->TWEZ LW, 224
UCTH O EHCRALGIDERNEET B LERLTVWBLEEI LS, UkMsT,
A - AALEPONS L CMISELATRE RN FEHORHINRR-THBY, Zhick-s
&, EOBEEKFUENMBRR-TL2bDLEEI NS, abiCl, ¥ETHRANO £
MHEBLEZER, —R, RBHROBHFY - KCES<REROE D CHLHY, HEiLH
BCTOERBANS FHOEBUHCERSS > EDEUEBRTHEILDLEELDLE,

4. B I
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HEM O B % HE U 7= POM(140°C, 545 4E i, 3B B ME X6, 4GPa) o) £ & U T 1L % i T520Pa
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BTFL, 0CT526Pad 75 b—{EHICELUEMN, —FA, MISELAD EiX-60CTFS5 b —1{HT3
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Fig. 6. Crystal structure of polytetrahydrofuran
after Imada et al.®
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Fig.l. X-ray fiber photographs of poly
(ether ether ketone), poly(ether
ketone) and poly(p-phenylene sulfide).

159



. B8, RBHRIIDODIINVE-ITHY, C-IRBREEMEEL, U—JERIVE
mmBERDE,

ABORT-—0TaERIE, FIRYRRE (WSRMUEFRA — b V5 75D-1008) & A
W, PEEKICHB W TIXF K20mm, V) 0 ZAY FZAE — F50mm/uin) %@ T, PEKICHNTIHE
F20mm, 7 0 2AY FAY— Fom/mO%&H T,PPSICB W T HMEC O THEL00m,
JOAANY FZE—KFm/mD&HETE2MEL, TOPNMAIRLY REMERE RS
. B8, ARCRBOBERE, MEDRDHE,

WEEROREBERIEE TICHEL, &5 008)KH DDebye-ScherrerBHC i - 7= K
SHMBROEEEIVRELE,

SFHEBEFMOBERRLEEANERD 528, PEEKLPEKTIRFFMRHTH 5 (002),
(006), (008)M, #F7=PPSTIX(004), (006), (008)HEN& %X 3 >N FEAHOEH SO
TA—NVERKEBECTRHELE. B, XY I2TIVUFEREUVLEZOENES
#E ICCuKo#R D Doublet DM IE 2174y, RIC, REOENXVOMEE Y 2B EREL T
W, ADKEYFRFEMCBT 2BIESSERD =,

5S = BcosB /2 (1)

EEL, BiMPRRBEIE, 0,00D)HNDBragefs, 1L XBOBERTH S,

ZOEOBREHRE—-IVOBOEX VX, BMBERREEANCI>TREENS, ALK
BRELIEOANLBE2HEOEANNEZ LMD, FTHMEROKER, ZZTWY ETFERY
T—RKRWThIFE2EOENABFEET LI AR EhEZ LMD, RQ)EHNWTHR
BRRLEALERDE,

(88)2 = (1/p?) + (m'g: *m"/d?) (2)

EELU, ) TFHEBAHOBRERR, g X708 000580, REFYETH
B, UEN-T, (69)*-n"7oy b7, BohZHBROYABITHEDS & 4D,
g ERDIE,

¥, SFHBICHNUTHEASTHOMERRIZEAN 2008 L TO020@E» S 0B H S
D74 —NVERAWTHRICHMEL, ScherrerdRX &k URDE,

RAMZXH ARG KE(EEERRI EAY, SiEETICEUTRDE,

2. 3 KeBHRoONE

HEREROMERAMEETCKCRL, u—-FEAVEMBUEEFHREEKIC T L,

B2k, #REFFRFAOBH IO 74—V ERLUE, B& YPEEK, PEKTX(002),
(006), (008)ME, PPSTIX(002),(004), (006), (V0B HEICEXRBENDFFREHNIBEE
Eh, ZThABLRBTFEEAVWVTH FHBARNOEABUER B, OREEITo2. £, F
HBICHUTEAFROERREREF. OREBICHVWEDR, R1$PRELEAE/M»S
BCESBEDATWE=ZD20ORHRTHY, BRFEBED & 2(110), (200), (020) K H L 18
Bitgc&Er, EEMNEBRIIRT2ICTIT-E,

160



PEEK
(002)

(008)

Intensity

(004)

(006) (008)

(002)

0 10 20 30 40 50 60 70 80 90
Diffraction angle 20 (degree)

Fig.2. Meridional diffraction patterns of poly(ether
ether ketone), poly(ether ketone) and poly

p-phenylene sulfide).
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Table 1. Characterizatipns of poly(ether ether ketone),poly(ether ketone)
and poly(p-phenylene sulfide).

PEEK

PEK PPS
Density {g/cm®) 1.303 1.317 1.348
Crystal density (g/cm3) 1.382% 1.340% 1.430%
Amorphous density (g/cm®) 1.265%° 1.272¢ 1.3204
Crystallinity (%) 34 31 27
Melting point (°C) 348 373 289
Heat of fusion (cal/g) 9.69 8.62 6.97
Specimen modulus (GPa) 4.0 5.4 8.7
Elongation at break (%) 28.2 30.2 20.6
Tensile strength (MPa) 525 323 639
Degree of orientation (-) 0.955 0.963 0.965
Cristallite size a axis () 65 69 46
b axis 76 50 89
¢ axis 67 77 82
Distortion (%) - 0.89 1.42
Long period & 143 136 113
Lattice parameter a axis (%) 7.87 7.62 8.52
b axis 5.91 5.87 5.76
¢ axis 10.06 10.03 10.27
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PEEKIC H.# U TPEK, PPSOMHICH FRMMUR TN LA RUTWS, £2C, MO
Y E,0OE%2RHSD EPEEK, PEK, PPSIC DWW T & %, T1GPa, 57GPa, 28GPaMBE v h ik, =
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Yo —dnThy, K4 CPEKOBEERLUEN, EAMNCRAUERBEEELTSBY,
FRPCHBERRYEVREEA, BAEBRCBVTHTY>EBEEELTHS, L
LA, 22TE hE EBBMORBBESRES T, R AEKREUBTRY LT EH
BERVT IR, FEERVIZFVICHBLTIERETH S, £, WEY->=FHE
VYT REEETHERIIFLY, RUPS VP LI— L0 Efl, (HECHELTS
1305 1/10BEDPENHTH B, ZhizRA4050 THITHBREY SumsdriE D
FTEY ST/ BETEIHEY, EHOBOIDE—AY FOID»BHICHYETHIOR
EMBEWVWZE(PETH0.IATH A M UT, PEEK, PEKTIE5.0A, PPSTIKS5.1A)CE
S<HobEZOLND, FZTKIC, Treloard FEY 2HWTE OHER2T-E., &
B, HTECEULTHWERARS, KEABIUThOONOERER2ICRLES S
10 HHEOREE, PEEK, PEK, PPSoO F, & U T#& %, 60GPa, 52GPa, 26GPaiifE o hi=,
ChLOERZZTEBOAEE OERBICE—BLTWS, £1, HEKRLY, &
FHOMBECRRSKCRBRULELICKESADEANKEY 2 50, KELFELTNWSEZ
EAHB O ERSE, HTOATHUREFORESAOEANEBEL 8 EHTV S, 20
bendingd HOEBE T —FLEICHBLUTT Y EDTAM/BUTLMEL, LEMS
Tr MY BEHBROS WP E EMNPEEKICHBE L TS B bDEEIDNE, &b
ICPPST it bendingd T D EEM /I E L, DOREAANPENZ LMD EEMNE Y~/
ELB-oEbDOEEILNS, PPSOBE, "FUEFOREEAMNI LT2HE” Ot
I£,103° ~107° OENXEESh TS, T T, MMEAL & LRA0.27ACEEL,
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PEEK

0.2r
Eg=71(3Pa

Strain (%)

o
100 200
Stress (MPa)

Fig.3. Stress-strain curves for the (008) plane of
poly(ether ether ketone), poly(ether ketone)
and poly(p-phenylene sulfide).
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10.0A

3)
Fig.4. Skeletal structure of poly(ether ether ketone).
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Table 2a. Stretching force constants.

r®) ke 102 N-m
cC-0 1.472 4.54
C-C 1.47% 3.70'®
C-358 1.74 2.4310
Curo= Curo 1.39'9 7.62%
Table 2b. Bending force constants.
W (degree) kp 102 Nem! ka 10°2% N.-m-rad-?
CcC-0-C 126.5%’ 0.5429° 116.7
C-C (0) -C 126.5% 0.15'® 32.4
cC-s-C 110.0m 6.157 @ 47.5
CIPO—CIPO_CQI‘O - 06613) 1658

-7
J - 1.06% 252.3

PEEK

PEK

PPS

Fig.5. Deformation distribution in each molecule for
total tensile strain of 100%.
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Table 3. Elastic modulus E¢ of poly(p-phenylene sulfide)
calculated with changing the bond angle of ph-S-ph.

Y (degree) C-S (4) E¢ (calcd.)(GPa)
103 1.89 24
110 1.74 26
120 1.57 : 31
126.5 1.48 35

IhORVY—RBHBREOESFLUTHERBEEAHNOT MYy 2 2B L2 Y S
6%F%fﬁEﬁEﬁ%@ﬂmw.%%ﬁ*ﬁﬁ?ﬂﬂtm&U@@h%wb%X%
ha,

&T AT, RiliWard® IPPSO EfH Y U T X#MEH k% ALV T3I8GPa, 3HEH L L TH3
CPaDEEHEL TSP, HORBBC(IDELAY, TMIRHUTHLY, Boh
EOTBEHUTHOBEEBLER 7Y V2 ERUTCHELFY (BRELT, OFa
20.MET B2 LiCR3), EREMEBTNS, 22T, ARV TR
HEAWTRAERTFOo—c B ERDELZ S, MMBREY B, L U TUPad M E
Shic, 22T, (IMBEOHEHERE FFRORT #28.3° 2IENICHUTHIET S &,
E.=28GPat BB h, (00)EDENIC—BULE, FFREHABEETALLANDL T,
Ward b MR EEMUERFEERAVT E ORMEET oA CONTRRHETH LM, B
SOERE, WE, BCHEECHEXDZLDEEIDN S,

DE, (00)EEANTHBOhEEREHSE U, PEEK, PERO FEBICIE T hIShC
Sl E L T002), (008) RMMEEL, 7=, PPSICIZ(002), (004), (006)K 5 A
FET D, TZTRE, ChHREEAVTRABRONEET- £,

K6, R7ICik#& %, PEEK, PEKAS&(002), (006)E %MW THMEEFoE&RET 0
o—cHIMERUE, £k, K8ICIK, PPSERICOVT ERUSCOM)EEEHE 35
DRFEEAVTEONE - cHIBERULE, WER Y KPR CR4 0 (008)H ic %
THOMREHRTRUEZ, £, PEEKICHB O TIR(002)E S L C008)FEIcHT 2 0 — ¢ i
BIZ0DECHT MM EL S BRoEBLERY, HICO02)EICHT S5 0 — ¢ tiMicH
WTIENORMAICHE N F OO F A0 25 - CABCHML, o-1200Pall E Ch
TRENBBREhHEDICRY, REEYEZULRAVAADTANBELE,

ROICIE, FEE, HET, RAKOPEEKO X MBMERBE R UL, NETEREICH
BHMIBEDATOHERHMWODEHRTHY, BHCLVEHRNBOELTS L 28

167



Strain (%)

0 100 200
Stress (MPa)

Fig.6. Stress-strain curves for the meridional

Strain (%)

1.0

reflections (@) (002), (P (006) planes of
poly(ether ether ketone). Broken line,
(008), indicates the result of Fig.3.

o 100 200
Stress (MPa)

Fig.7. Stress-strain curves for the meridional

reflections (@) (002), (P (006) planes of poly
(ether ketone). Broken line, (008), indicates

the result of Fig.3.
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2.0

Strain (%)

o Il
o 100 200

Stress (MPa)

Fig.8. Stress-strain curves for the meridional
reflections (@) (002), (@) (004), (D) (006) planes
of poly(p-phenylene sulfide). Broken line, (008),

indicates the result of Fig.3.

before loading

210 MPa after loading

Fig.9. X-ray fifer photographs of poly(ether
ether ketone) at different stresses.

169



Table 4. Elastic modulus E¢ of poly(ether ether ketone),poly(ether ketone) and
poly{p-phenylene sulfide).

PEEK PEK PPS
E ¢ (obsd.) (008) 71 57 28
E ¢ (obsd.) (006) 55 57 29
E ¢ (obsd.) (004) X * 24
E ¢ (obsd.) (002) 3 25 14

% (004) reflections were not obserbed for poly(ether ether ketone)
and poly(ether ketone).

BUEN2EL U TRERBCER R, BH210MPaic BT H EHNH— v ic kBN
LEABRERD LN SE, UEXNST, LROBBRBOEERAOEBR PICES<
DTERNEEIBHh S,

£k, PEK, PPSO(002)EICH T 5 0 — c Hidl © BB 4 T4 & (008)F I 1t 4 5 Higg & B
moto%:ch:h%wo~emﬁwm%ﬁﬁxUﬁ%ntEﬂéi4tﬁbh
%ﬁ&ﬁf&én%##b%?ﬁhuwimmht%?ﬁmxUﬁ#ﬁ&é%%#&&
BH-OTHEBHORESHRUE, HBRORKEF M0V 68 aB!? 'Y, ;Y (p-RYv
X7IF) "PEBOTHRECBESNTEY, 2LAEF M0V 6 aBiCHIT(040)F
(bl ; MEEB)EH VT E OBEMET 2 L53GPaTHEDICKL, (0140)F % 715
B183GPat B Y, ZANEH T COMBRBROMMICE S, S MEOTIICLD
&#%%ﬁuénfhé””“obt#ﬁrzwﬁ,5&1%&@%E%ﬁﬁﬂmwﬁ
EN#&EJ&i@MWE@%nE“ﬂTéoWmmﬂ“ﬁinﬁ,fJDVB@&ﬁE—
vmﬁa(ﬁﬂamwmia%wﬁ(f4nysmﬁéx+uy£a)ﬁ)#%o>ﬁrﬁw>{&m%¢@$
MEOBLYSEL, BREROKE XX +HIC/IINES, LOBHRICIYVETERE
&Y RDEBMFAMIBZE N IC—BU RV, PEERO (L2 M 11, ~0~0)-0<0)-CO~T)3;
?&U,%ﬁ@&ﬁﬁﬁﬁ#%ﬁUﬁbE%ﬁm%A,wﬁﬁﬁumA?béztﬁ&
BAM (088, O-0— 2 3~<O)r-COIDKBREMOBOK 3L 25,

RS, PEEK, PEK, PPSO&ZFFREFLUBONBBEFMERLE, ZhdRE
OWKERRIZ DXL, BECOE @A —HRURI>EDICHL T, WM B LR
Mok, =7, BBXERUMMEBAM Y5 5RFEEAVWSE EAV—KL T 5,
INHDZENDH, BEMLEBOLAS EMANENIC—HU B WO, IS0 L5 MER
ROWMICEY S BEMNEIL, TRCHESEHRE -7 BOBHIAAOKTOTH
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Table 5. Fiber identity period of poly(ether ether ketone),
poly(ether ketone) and poly(p-phenylene sulfide).

PEEK P EK PPS
(008) 10.06 10.03 10.28
(00686) 9.94 10.03 10.27
(00 4) * * 10.27
(002) 9.84 9.91 10.09

* (004) reflections were not obserbed for poly(ether
ether ketone) and poly(ether ketone).
KEE2BEICMEZIAELDTRREVALEEI RS, ULEN-T, PEEK, PEK, PPS) 4>
FHEBHABOEBRRERE, L UTR, EFFRENON, FTOMMBHMIBRLEL, E,
EMHEEE U EQ08)EICHT 3 E@XEnficEvbntELILNS,

3. 3 ATRBCHNUTHA MO AHMX
10, 11, 12k, PEEK®#& % (110), (200), (020)EicHd 5, £, X1 3,

1.0

(110)
08}

Strain (%)
o

o

1

o
H
1

0.2 @)

E,=5.9GPa

1 [ [ 1

0] 10 20 30 40
Stress (MPa)

Fig.10. Stress-strain curve for (110) plane
of poly(ether ether ketone).
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1.0

Strain (%)

E,=4.2GPa

1 1 1 1

0O 10 20 30 40
Stress (MPa)

Fig.11. Stress-strain curve for (200) plane

Strain (%)

of poly(ether ether ketone).

0.8L

06}

0.4

0.2 E=5.0GPa

1
9] 10 20 30 40
Stress (MPa)

Fig.12. Stress-strain curve for (020) plane
of poly(ether ether ketone).
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1.0
(110)

Strain (%)

Stress (MPa)

Fig.13. Stress-strain curve for (110) plane of
poly(ether ketone).

1.0p
(200)

08¢}

06}

Strain (%)

Ey=5.6 GPa

0
0 10 20 30 40 50 60
Stress (MPa)

Fig.l4. Stress-strain curve for (200) plane of
poly(ether ketone).
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(020

o
®
L

Strain (%)
o
o

o
H
T

Et=5.7 GPa

0.2

0] 10 20 30 40 50 60
Stress (MPa)

Fig.15. Stress-strain curve for (020) plane of
poly(ether ketone).

14, 151, PEKOBBFEICHTHEHTO o — e ti# %570 7=, PEEKAS & (020)
H, B&UPEKREHRNINEILCHT 50—~ c B TRESHUTHEBED S DTAIRBES
o, TNLNHDES, BMESRE2AFESAEBE - KAOERTET LN TERE, 2
CTCIhHLHBROMPARIY E.2RDB L, KODED>icn 3,

PEEK (110): E. = 5.9 GPa PEK (110): E. = 5.4 GPa
(200): E. = 4.2 GPa (200): E, = 5.6 GPa
(020): £, = 5.0 GPa (020): E. = 5.7 GPa

ChABRYTY—DE M, BIEETTCRRTERE £, CHKBU T—HLl b/ha sy
P2TWS, Zhik, XEMCES FHAEHRFRCIXERSTHITTHEY, —F, &
FHMIC iXvan der Waals IR ED KBS UL BT AN LICESNTNS, &
L, SEZESBHCRUEERICB T BPED EM(WICPa) IC B LU TR KX RIETH
M, TAOVEBDKREEHBOD EMMMLI0Pak R B2 &' 7 2 X EBS, =
ALRUY— KBV THFHHMCBRBCHROEEERMB O THARTRANWETd> o b
NTES, T, FEOHEER AR TR FHRMBE ALY - CETORFHIARD D
nNd, EZTRE, E.ORFHERXRERBEOSLVRFUE,

H16EE, 2FHBICHLTEATHOENICHS T 2BUERDEHHIC SN TS
MECERTTOYbLE, 870V M EESHBRES S MICH-T, KALUR
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PEEK

\8—PEK/

::’ . n
1GPa ©;0,0C

Fig.16. Anisotropies of elastic modulus E, in the ab

plane of poly(ether ether ketone) and poly(ether
ketone) .
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1/E0 = (cos®*/E.) + (sin*8/Es) + {(1/G..) - 2(v .+/E.}sin%fcos?f

ZEU, 0; aldbOAK, Ei; 0ROBER, E., E.ix&%(200)HE, (020)HE
KNTBEMTHY, v = 13RELE, REY, ERVT—-0OAERTHEHELE
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Fig. 1. X-ray fiber photograph of Nylon 6a-
form at 22°C.
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Fig. 7. Conformation of nylon 6 molecule dis-
torted slightly by thermal vibration. 8
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Fig. 1. X-ray fiber photograph of poly(p-
phenylene terephthalamide).
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Fig. 2. Relationship between the fourth power
of the order of the reflections (m*) and the
square of the integral broadening of the meri-
dional reflections (65)* for poly(p-phenylene
terephthalamide) at room temperature.
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dional reflections of poly(p-phenylene tereph-
thalamide) at room temperature: (@), (002)
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Fig. 5. Effect of temperature on the elastic
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Fig. 6. Effect of temperature on the crystallite
size D (@) and the lattice distortion g (O) in
the direction of fiber axis for poly(p-phenylene
terephthalamide).
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Fig. 7. Effect of temperature on the lattice
spacing for the (006) plane of poly(p-phenylene
terephthalamide).
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Fig. 8. Effect of temperature on the lattice
spacings for the equatorial reflections of (200)

and (110) planes of poly(p-phenylene tereph-
thalamide).

Table 1. Thermal expansion coefficient for
equatorial reflections (200), (110) planes of poly-
(p-phenylene terephthalamide)

—

Lattice spccing (A)

Thermal expansion coefficient, 103 K™}

(hkl)

below 150°C over 150°C
(200) 6.7 9.2
(110) 4.2 5.7
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Fig. 9. Stress (¢)-strain ({) curve for the speci-
men of poly(p-phenylene terephthalamide).
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Fig. 10. Effect of temperature on the specimen
modulus Y;, Y, and the elastic modulus E, of
poly(p-phenylene terephthalamide).
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HM-50 Kevilar 149

Fig. 1. X-Ray fiber photographs of HM-50 and Kevlar 149.
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Fig. 2. Meridional X-ray diffraction profile of Kevlar
149.
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Fig. 3. Stress(o)-strain(e) curves for the (006)
plane of (@) Kevlar 149 and (O) Kevlar 49. Broken

line indicates the stress—strain curve of the specimen of
Kevlar 149.
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Table 1 Observed and calculated values of the elastic modulus £, of

poly(p-phenylene terephtahlamide) reported in literature

Authours Method Lattice plane for FE, Reference
E; measurement in GPa
Present work CL (002), (004), (006) 156 2
Kaji et al. CL (004), (006) 153 6
Slutsker et al. CL (006) : 182 7
Yabuki et al. CE (004), (006) 120 8
Northolt et al. CE (004), (0086) 112 9
Ii et al. CL (004) 168 10
Fielding-Russell et al. Calcd. 200 11
Perepelkin et al. Calcd. 232 12
Northolt et al. Calcd. 160-220 9
Tashiro et al. Calcd. | 182 13

WEKERE (O, O), BLXUKevlar HIORBDIEN — O FH B (BH) bR TRLU
. B& Y, Keviar 1490 RIE A lxKevlar 49, Kevliar 290 Fhic—B L, MR/ LY
E, it UTHELI6GPaN BB h 1=,
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I, BCHEZhEXBRELCII2ENES K CHEBHEBEERUE., &P, EHEEICK
YHZEEHERRKS®, Northoltb P OERMBELHRE, MOEWMBELO—BRIBFTHS
A, HFCBVWTES OFRMME(1536Pa) © X Z 2 THH A E B IC (156GPa) (ICHBsH THE L
—HERUTWVS, BHEMECKeviari#EE AW TH Y, ZORHMMER YV, X626PaT
»5 EHEL TS, Keviar 1498 ¥ Y ,=144GPaTdH Y, Kevlard HKevlar 29, Kevlar
49(131GPa), & HiCikKevlar 149ICE S T, REBMHEREN2.I/BRICTIRABICHON
TEMN—BHUEZEDSL, BAEHRCIYVELL, BERELIADI-2ETEHTT
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HEABBEEhIN, COBRBEHEETFOOTFABLIEITOONPaLL ETCLURLA T LTS,
ZozZedn, HifiR9, 1 0 CARREAREHKTHORB DStress hardening D2 BhiC i
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Fig. 4. Meridional X-ray diffraction profile of HM-
50.
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Fig. 5. Stress(o)-strain(e) curves for the meridional
reflections of HM-50.
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Fig. 6. Monomer residue length of terephthalic acid, p-phenylene diamine, and 3,4’-diaminodiphenylether.
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a Observed
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Fig. 7. (a) Observed and calculated meridional
X-ray diffraction profiles for (b) random sequence, (c)
alternative sequence of HM-50 and those for (d)
PPTA unit, (e) ether unit.
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{H74GPalc —BL T 3, :@:tf)‘%%,#’éi‘%?? I FICHB T Bether unitd E, i,
PITE—- DV EHWTEMEhELDICTAGPAaTH Y, PPTA unit OMIICHENCHETN ST
WABIAILTHB BDEELILNS,

3. 4 HM-50&Kevlar 14900 & 53 K o) 1 8

AT E TT, Kevlar 14985 K FHM-50% 2 D& SR PERICO W THRF B 17> T & 7= 2%,
RS, EHBBAOREERIOBANEEBLICRABICRETHBCHOWTRET S
W75 I RO ETH =,

21X, Kevlar 49, Kevlar 149, HM-50, 3 & Ufether unitD W (dZ°), 7 F#ilh 5
MOWAERRD), T I ) 2FutREh(g ), EL, E, D FHR—AOKEASG), “4F
B—AE MRS 2OCET SN, ANRER(Y,), RBOEH— 0 FABRO K
NBOBEEISRDONZBER(Y,)), RNBEMSRAOELNERDBE 2XT Y./ E,
HEmRUE,

ZCZT, I-5003 FH—AKDOWE ML, KevlarOFERH S EICL T, H-500#K8
RERBHEN-THREL, BABEMNCIS20.2)B X CEABMN(20=22.2)) 0K N * & %,
(110), (200 EA S OEH L RET B LICLYRDE,

RIYETHSBERCHEU T, Kevlar 495 &k UKevlar 149iICB 1T E,OEIZELL
156GPat BHNE, ZOECH FH-RAOMER = ZRU THBS>H 5 r-#i£3.16 X10-°dyn
LB, £k, H-500 B 5 & GBIk % 291GPa,1.91 X10-%dyn % Y, Kevlardk ¥
HPEREERLTVS, ZhHDBRMMORABELTF, ELAERVZFULY (B,
235GPa, f-ffi=5.40 X10~°dyn), R Y ¥ = )u 7 )3 — )V ( E,=250GPa, f-#=5.40 X10~>dyn),
o — 18 (E,127GPa, f-ffi=4.20 X10 - *dyn) S BLTH T UK Z RIETCIRA
We Zhid, FEERV 7 IFCBOTHTFHOEHIARBIEAADEHRICL>TED

Table 1. Various properties of Kevlar 49, Kevlar 149, HM-50, and ether unit

Kevlar 49 Keviar 149 HM-50 ) Ether unit
d? (g/cm’) 1.453 1.481 1.407
D (A) 214 205 86
In (%) 1.84 1.59 —
E (GPa) 156 156 91 74
Calcd. 71
E; (GPa) 186 186 91
S (AYH 20.2 20.2 21.0
f (107* dyn) 3.16 3.16 - 1.91
Y, (GPa) 131 144 75
Y; (GPa) 145 156 75
Y,/E, - 0.84 0.92 0.82
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Yi' OBBARALLUTNWBEZ L 3BHLAITH A, £, Kevlar 490 Y, A131GPaTH 5 D
ICHLBE U CTKevlar 1490 Y, iX144GPalc iU =, Z OB, 7 F % 5 i oo 8k & RDIZZ
EELWORHUT, ATV U 22 )uiRELivg, (idKevlar HUID F M INEL BTN B,
ORI Y PDICEEKERT, gr OBV ICHSTERNICH KT SL U EBartonD#
E2OCHIELUTWS, HI-5000 YV, ikKevlarfICHBE U THhEREERLUTWHEAN, Zh
XH-500) E M ARE#ICKevlar& Y /&, 9IGPaTH B Z LICETV TS, %k,
Kevlar 49, Kevliar 148ICB W TH BB FOOTAMNKIEIHBRTCLARANUATL, E M
WMMUEY, ZORRIARERCORBEERIEL, YV.ICHERLTY,/ ELXHMT 5
stress hardening®BE LU B —F, HI-500E KRB FOIE T — O FAMBITKRIGHIC
EH5FETEMNT, ABWMPERIFI Y, V,"HICTS6PaTH > %,

IRLFEEERVT7 IRE, EABTFULBRERETIRL, BERKORAE, T2
E, BFHONRNYF VMRS BROVCHA2APDLHT, Wihd VBRKEREE2RLTS
Y, BHEMEEEFTFORBICAS, B, Y/EMHEIWTFhORY T—CBNTH0FLL
EoBWEERLTWS., 2OZtld, FFHLFERE2EKRLUERELBEEIY,
KBEEBROAROFEREBRCSN T2 RY BT > EBEEH LTSI LICEIL
boEEXZOQh, FEERVZ7IFCHSVWTRHEMUEANOERDEOFSABHTKRKEN
ZEAMHLICRHE,

4. ¥ 85

{NH@— NHOC@— co-}mj[ HN@O@ NHOC@- co}n

TRENDHERST7IIFUN-50BLTRY(p-7 2=V Y F V7 H) I F)(Kevlarld9)
DOERBERE, FHELE., Kevlar 1490 £ {HIZ156GPaTH Y, #HIHTIY LT~

Kevlar,Kevlar 29,Kevlar 490 E fHIC—B Uk, —7F, HE-50iCHDWWT20=14.7",27.0°,
L.22OZ2DFFREHEHCWTESAE EMERE NI —HLU,916PaTHBDICHNL,
20=29. T D FHFHREHEANTHE O NE EHIZTACPaTH ., ZOHRICOWTPoint
Model 2 IWTRF 2T 2RR, SiBZPRESAUERLZAKD EMEERLTHBDICHL
T, REVIN-S0POHEEMAOEMHERL TR DL EZHhE, ANBHERI
Kevlar 149T144GPa, HM-50CT5GPaTH Y, ZhHFHFER Y 7 I FICBWTREMEA
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BO00EROFEICE TCHMBZ LN TE S, AHRMENERUESBICH TS RN AR
CUTEHRELRNEBEERD»DIOALY, £&KEMAMIKCTI<Hh, BEOBELLAHEKSE LT
YEATHHZLAREZTATNS. Y, KRABML U TOBBREOBEORE VXD
ERMEEDEHEHRERVYONBHY, BLOWKRRLOBRERLC IV TLTHD
HAEBNEECENAIEZTONEDHOBEI SHBRBREDPFLEIZLMNTES, 747
04 > (Bombyx mori) DEEGHEBIZ VY, 75=V, BUYO7 I ) BBE(FELS:
22D HERENTEYY, 20X THEB7IOB—BEZLICHhlid-okEny Y
FTEME, TRCMTY>MENSH5.6FRMMLTVWBEY, ik, Zokd>%ay7
ARXA—VaVERTOIMENS FHEMKEEATHIEIN , Wb Banti-parallel chain
plated sheets BEEHER UL T3, ZOBBR ANV EORLHBNLBED—HT
HbH,

AT, M7 7oA 0 FHBAROZSBERE 2 MEL, BY— M E&ED
NEPHEHAOICTEZLHRICHTI AT O/ VO LE NP HEERLBEDED DR L
7=

2. ERFH%
2.1 R H

FERBE U TIEEEDKE (Bonbyx mor) R EHVWE, COLIBRREOHRLERK
BOEACBNTREVYUBR 71T 04V 2HBLTWS, T2 TRV Y ERLSAEMN
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BAKTHSRL, BE2iT-ok. BohEB747J 040 2 20#%, 200CTIEYN, EETF
MABEFTY, TV A—FTCRELE DO R EMERARB L LR,

REOEBEERIBULE RVEY - ELEER, 30C) KLY EEF->-&ER,1.375
g/ THoI=,

DTHBLEEOMERRBLUTANERDBED, FERRHTHS(002), (006)FH
LOBHFETOT 4 —VICHIEETICHLY, Cukedi DDoublet DB EB L TCEBORME 217
W, PRFEMTORMMIBSSERDE, BRDE D CFFHEHE & L TIX002), (006)
BEHO2OORBEUMNBEIhBRMH>EZEDD, RICIENAS V) X2 VHREANSEE
THLEELT, B HEDBETAAg ERDE,

ABOEA - T HHBRETIRYRBRB RS ENUEFRA — b 75 75D-1008) % An,
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Silk fibroin
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\J (103) (006)
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Diffraction angle 26 (degree)

Figure 1 Meridional diffraction pattern of silk fibroin

FEE30mm, 20 ZAAY KA~ F3mm/min, 25C, 60YRHO&HICTRIE 2TH =,

2. 2 RERHEXONE

RAEBUEROUEIHEEITKEL, 0—-FEVEFABALEEHERICTHT>E.

R1ICEK, FA475 2 P A—2—(HEBBREN RAD-BY X7 L) BRI, NEEBEKIC
SUYBET =B 74TnA4AV0FFRFAOBHE IO 74— LERLE, R&Y2
0=26.4",39. "H L8 K=ZoDEHAMNBEEhE, Narshd P iICkhiZEr + ToA
¥ (Bombyx mor )ITEIEE S (silk IDIXHMARICEL, BTFERE U Ta=9.44A,b=9.20
A,c=6.9710,03A (MR¥ER), =90 D BRNRIC2KN S FHAEETLTNWS, F2T2hD
DEEANBE, 20=25.4° BLU832° O —ViZ& 2(002), (006)FEA» D FHICIR
BTN T&D, £k, 20=39.7 OFV— V3 LERFERBLTCHEHEROFIHD
SOEMA3.9)EYB)RHLERMTT B LA TEE, £, £ VEREND
OERHEMBEABEMICEUZLT2HE bH 2N, SEORBICBVTEBEZhRY -
. TZT, AERICBWTIX(002),(0068), =0 FFBEHNEZ E.OREICAHWE,

3. REBLUSBE
3.1 M747u4vokamER
B2k, 74704 IS, FFRHE002) K H DDebye-ScherrerBIC iR >
2, BMEADTO)BLTIENIMPaT(@)ICB T sEFTRME S At ERUE, RO
D¥ERM LYK EAVTHELLZBRERBOEAME(TDRELHT, BHATHWThO
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Silk fibroin (002)
>
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E
1 [ [
-20 -10 0 10 20

Angle of inclination( °)

Figure 2 Diffraction intensity vs. the angle of inclination for the (002)
plane of silk fibroin. At 0 (O) and 100 MPa (@)

1.0
Silk fibroin (002)
:\j
£ 05
o
0
Ef=23 GPa
0 1 ] (] ]
(o) 50 100 150 200

Stress (MPa)
Figure 3 Stress—strain curve for the (002) plane of silk fibroin
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BECBVTH0.4THHE,
T = (180 - H") / 180

k, BHFBESRNDCIYERLRY>Z, ZhH0Z L X100HPan G IR IC B
THEROEMERELEST, BEMELCTHWRVWZIEERLTWS, RIS, ZOBTH
FHWTH 74T 04 VO E ORE.RITH =,

W3k, silk ITRERQOD)BEEHNWTHEET>EREERFOEN(0)—0FH(e)
MRERLUE, RKY, SHESTES 2B - XKXOBERTEITZLNTE, FOAREK
YE 2R$HDL,26PaDENE SN, £k, EMEICH TH-AOKERQLTA) 2 E
BT UBELIRS,” A TH-EXE2IMETHOICET HH” FEK0.50 X10°°
dynt 2%, ZhHOEIER, BRANTHFHEALEY /¥ /BEEETIRVF LY,
RUVEZVFNA— VD El, HEDI/IBEOEWVETH S, TTKRIC, HTHE
RBEOBIY ZOEC DWW TR EfTo &,

M4 ik, Marshd P LK VIRBEh T Bsilk oS FRBTEBEERLE, Hido
EIC, FFHE T I IMBREZLICHAMDR 2 RELRI T T EHNTEY, HUY
SDEVYHEY VT BEICHBL T5.63E/MUL TS, LENST, 470400 E,
HEUT2GPa ENWWEABT LI EDIR, A FHMAEMULERELZAELTBY, T0EF
KRANDDEZEBOHMEVWHBEAEOBENIRKELFELTVWEEHDTHHLEEIDNS,

BRBECEETDE, R (6,02, 063) TRUEKLDCsilk HoRWEEAIX
(@1, 92 85 = -142°,180°,145°)TH Y, ZHhRLENCIWNEOELTTHBHH, K
NAVTFVrAZFTH A FPIBOOAREKEAS (4,0, 65 = -153°,180°,153°)
BlLUTCW3, PIBOO E L U TIXERE29GPa, T HH29.3GParBEINTHY ",
H74704 200 E EQ23GPa)ICHEHLIL TS, by, 74704 LPIBORILYE
MNICRE<RER2ESFTH2Y, BRBEMAEVWCHUULTSY, @E->= EECk
Sk, ThHRERREhTELIDIKC, EMEXH FHOBHKEBE, OV TREBREBIC
OHBEFEL, BN FHMHEEIEH, AHSCRELACRBEEIARNW I EIIHIEL TH
5LEADBNB, :

silk 110 E B UTRIBIRIC & Y, Treloard /i % Flv T 160GPac A% & h T
WEY, ZOMBENBECHBLUTHEBRCKEVLD, ZhikTreloardBHETRAF
HOEHRICHABEIREDFSMNERINATVWRNWEDHTHY, BT A, silk IHOEH
Eff, HEMMEWZ LR, HFHIERMUEBEEZELTBY, TOEHCRIOELK
DPENABEABEOBRESXRELFLSELTNBZLERBUTHNHLEABND,

HMR¥HCSELEFEEAVWESES, iE$ TTmRUKLPEEK, PEK, PPSBL U/ D
VEERE, —“BRICHWThORII—ICBNWTHORHERBICAHA2DSF—HUTE E @M
BohTHn3, TITRIC, B 74704250 TOB)HEEHNWTZOEEERL =,
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Figure 4 Molecular structure of silk fibroin II after Marsh et al®
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Silk fibroin (006)
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Figure 5 Stress—strain curve for the (006) plane of silk fibroin

RSk, silk ITRBQOB)E LA THEETHOLERBTFOo—cHBERL -,
BFOTH e XL00MPall LOBIEAMTLUARNLA 7T BBHEMNBBE ALY, ¢ iivEh
NHEDTHHTH k., &£, MHMARLY, (00DFE:AVWEBALECL, E, -

23GPad B v h iz,

FLICIE, FER, IKHF (200MPa), BIUBREZOHE 74 To4 v OMBRED, N
T2V NVEENg ERUE, HENORKIEH T CED=106A, g,,=1.75CdH - 1= 2,

Table 1 Effect of applied tensile stress on the crystallite size and lattice
distortion in the direction parallel to the chain axis of silk fibroin

Stress Crystallite size Lattice distortion
(MPa) (A) (%)

Before loading 106 1.7

200 89 1.9

After unloading 108 1.7
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W3, ZOEIBRBATCORBEDOHERES 2 VIEhOHMIEIR S ISRUEBICHET
DeDVURNLVATD—DODFERLELUTERZO N ZMN, FMICHALU TRSERITI REHEE
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Abhd,

3. 2 AHBREKRELBYELRR :
Rk, RERTHWER 74T VRABOEN(0)—0OFTH()MBRERL =,
MABABE L YR MR Y, & U TI0GPad B B, BMiHE, MEIXE& %, 330MPa, 8.9%
TH-oE. KevlarBOBHEREERNT, —ROEGRBRECBVTY L E,0H, (Y,
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Stress (102MPa)
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Figure 6 Stress—elongation curve for the specimen of silk fibroin and
schematic recovery curve. f,, denotes the elasticity of elongation work
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Figure 7 Relationship between recycle test number and (O) specimen
modulus, (@) f. of silk fibroin
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FIG. 1. X-ray fiber photograph of heat-treated poly(ethylene
terephthalate).
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FIG. 2. Diffraction intensity versus the angle of inclination for

the (105) plane of poly(ethylene terephthalate).
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Fig. 5. Arrangement of molecules in crystal
of the a-form poly(butylene terephthalate).$’
above: projection normal to the (010) plane
below: projection along ¢ axis.
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Fig. 1. X-ray fiber photograph of polytrimethylene
terephthalate.
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Fig. 2. Stress (o)-strain (¢) curve for the (002)
plane of polytrimethylene terephthalate.
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Fig. 3. Crystal structure of polytrimethylene
terephthalate after Takase et al. (1977)3.
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Fig. 4. Relationship between the force required
to stretch a polymer chain by 1% (f-value)
and contraction from planar zig-zag conforma-
tion for aromatic polyesters.
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Fig. 5. Comparison between stress (o)-strain
(&) curves for crystal and specimen of poly-
trimethylene terephthalate.
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Fig. 6. Effects of draw ratio on the elastic
modulus (O) and the tensile strength
(@) for polytrimethylene terephthalate.

248

( GPa )
( "Pa )

Elastic modulus
f\
O
l\\
o
Tensile strength




0.4

Polytrimethylene terephthalate
(010)

0.3 F

0.2

E )

0.1

0 5 10 15
0~ (MPa)
Fig. 7. Stress (0)-strain (¢) curve for the (010)
plane of polytrimethylene terephthalate.
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Table 1 Elastic modulus £., crystal density, and melting point for
PET, PTT,and PBT a -form

Number of methylene Polymer E. Crystal density Melting point
groups GPa g/em C
2 PET (010) 4.1 - 1.455 265
(110) 3.7
(100) 4.6
3 PTT (010) 3.8 1.429 231
4 PBTa-form (010) 2.2 1.404 232
(100) 2.4
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Fig. 1. X-ray fiber photograph of a-form poly-
(ethylene oxybenzoate).
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Fig. 2. Diffraction intensity vs. the angle of in-

clination for the (002) plane of a-form poly(ethyl-
ene oxybenzoate).
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Fig. 3. Effect of temperature on the elastic modu-
lus E, for the (002) plane of a-form poly(ethylene
oxybenzoate).
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Fig. 5. Stress-strain curve for (002) plane of a-

form poly(ethylene oxybenzoate) at various tem-

peratures: (O), 15°C; (@), 100°C; (8), 150°C,

(@), 175°C.
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Fig. 6. Effect of temperature and stress on the X-ray
diffraction patterns of a-form poly (ethylene oxybenzoate).
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Fig. 7. Effect of temperature on lattice spacing
for the (00.10) plane of a-form poly(ethylene oxy-
benzoate).
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Fig. 8. Effect of temperature on lattice spacing
for the (200) plane of a-form poly(ethylene oxy-
benzoate).
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Fig. 9. Effect of temperature on specimen mo-

dulus Y, (O), and elastic modulus E, (@) for the

(002) plane of a-form poly(ethylene oxybenzoate).
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Table 1 Properties of Vectran, and Ekonol

Vectran Ekonol
Melting Point () 329 365
Density (g/ci) 1.346 1.395
Degree of orientation 0.961 0.912
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Fig. 1 X-ray fiber photographs of Vectran, and Ekonol
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Fig. 2 Meridional diffraction patterns of Vectran, and Ekonol
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Fig. 3 Stress ¢ - strain & curves for the meridional reflections

(26-13.2°, 29.2° )of Vectran. Broken line indicates the

stress-strain curve of the specimen
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Fig. 4 Stress ¢- strain & curve for the meridional reflection
(26-=26.9) of Vectran
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Fig., 5 Stress ¢- strain e curves for the meridional reflections
(26=15.0° ,27.7° ,43.3° )of Ekono!. Broken line indicates

the stress-strain curve of the specimen
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Table 2 Mechanical properties of Vectran, and Ekonol

Vectran  Ekonol

E, GPa 126 130
Cross-sectional area of one molecule A? 19.4 20.2
Force required to stretch a molecule (f-value) 10-°dyn 3.04 2.90
Specimen modulus Y, GPa 62 58
Specimen modulus Y.’ GPa 110 109 .
Y,/ E, 0.49 0.45

Y:, Y.’ means the specimen modulus at the initial, and at large strain

region of stress-strain curve, respectively.
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Fig., 6 Relationship between the crystal modulus £, and the maximum

specimen modulus Y... already reported for various polymers
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Atactic Polystyrene (PS ; Styron 679; Asahi Dow Co.Ltd.)

Reprecipitation
( Benzene -Methanol)

PS (M, =167700)

Melt Pressed at 170 °c

'

Slowly Cooling
(0.55°C / min)

\

y

Slowly

Cooled

Quenching to ice water

Quenched

' l

60°C . 24hr 120°C ,24hr
annealing annealing

60°C annealed 120°C annealed

Fig. 1. Schematic diagram of sample preparation.
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Fig. 2. DSC thermograms of atactic polystyrene

with various thermal histories
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Fig. 3. X-ray photograph of slowly cooled atactic
polystyrene,
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Fig. 4. Diffraction pattern of slowly cooled atactic

polystyrene
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Fig. 6. Stress (¢)-strain (¢) curve of intermole-

cular distance for atactic polystyrene melt pressed

at 170°C, followed by slow cooling (0.55°C/min),

Broken line indicates the stress-strain curve of the

specimen.
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Fig. 7. Stress (o)-strain (¢) curves of intermole-

cular distance for atactic polystyrene with various
thermal histories.

Broken line indicates the stress-strain curve of
the specimen.
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Table 1 Elastic modulus F£. determined by X-ray
diffraction and density of atactic polystyrene

with various thermal histories

Sample E. Density
GPa g/cl
Quenched 1.9 1, 0443
60°C annealed 2.1 1. 0447
120°C annealed 2.2 1. 0448
Slowly cooled 2.3 1. 0453
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Fig. 8. Relationship between theoretical elastic
modulus (solid line) and observed elastic modulus
(@) vs density of atactic polystyrene.
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Table 2 Elastic modulus FE. determined by X-ray
diffraction and specimen modulus Y, of atactic

polystyrene with different thermal histories

Sample E. Y.
GPa GPa
Quenched 1.9 2.5
60°C annealed 2.1 2.7
120°C annealed 2.2 2.8
Slowly cooled 2.3 2.9
3/E =2/ Eit 1/ Ey (12)
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Fig. 1 X-ray photograph of atactic polymethyl methacrylate
284



first halo; intermolecular

Intensity

1 1 1 1 1
10 20 30 40 50 60

28 (degree)

Fig. 2 X-ray diffraction profile of atactic polymethyl methacrylate
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Fig. 3 Effect of temperature on the peak position of the first

halo from atactic polymethyl methacrylate
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Fig. 4 Diffraction profile of the first halo of atactic

polymethyl methacrylate, upper; 0 MPa (before loading),

lower; 197 MPa
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Fig. 5 Stress-strain curve for the amorphous halo of atactic

polymethyl methacrylate. Broken line indicates the stress-
strain curve of the specimen
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Fig. 6 X-ray photograph and equatorial diffraction profile of

oriented atactic polymethy! methacrylate. Broken line
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Fig. 7 Stress-strain curve for the first halo of

oriented atactic polymethyl methacrylate
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Table 1 Properties of urioriented, and oriented polymethyl methacrylate

Unoriented Oriented

Amorphous modulus £, GPa 3.1 2.8
Specimen modulus GPa 2.8 1.4
Density g/ci 1.189 1.191
Glass transition temperature Tg T 115 118
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EEBHRULTVS, —F, FSAMERE R NEIRMBER>TNS, ZHIZERMat. PHMA
DBRBNO—CE&Eh T Eoff-equatorial REEH A, BRARBTCRFAEHAD S IZIEH
KU, MRS FHTEHBCRSEZHTRBEVAIEEISIQS, B TRLEED K,
REMRIBERENRTA I -5 FHT BN TE, RQEHVTAELhLIERR
PR32, TGPa~3.1GPa b 7 5,

E, =8.045°2 (2)
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HIZETU, ¥51iC, 125CUL E ¢4 F#iCgauche XM A 2 h 5 Z L IC & Y426Pan Estep
WiselC KE<ETFULE, E.fHE-T0C~-50C, 19C, 30CTAXLETFL, &%, v 4
H, BAXBERECHIEUE,

BARCBVTR, UARUKEESITTHY, BRATHFHUNEX, 3/158A, 7/2
LCEABBEETSE7AVE2F Y IRV S u LY (Isot.PP), YAV AIF v 2 RY
(4-RAFW-1-RY 5 ) (Isot. PAMIP) DA SRR D B B IR FIE R R L.  Isot. PPO)
E ZHBD»HMI0TE TiE33.3PaThH o=, ThilloBERCBVTARICET
Uk, ZOR, BEDERCHENS FHRIMINEST 55, E #@AMETFT 21000104
WEEUE., £k, BEOERICAEN) FHMEBERNMBRELU &SR, 2 FEHEE RN
BETULEMHRETLE. —%, HSIHTIRY LS =Isot. PANIPO E B & L TR Ek,
2.9GPa 56.6GPak TOEAMEME TN TEED, KATICHBNT001), (00NFEE WS
ZERKXYHEBRTLIGCPaTH B L EHOLMICULE. Tk, ICIKESETEHER—F
THok, ZOK, HHREZBAECREREUEY, LROId CRBEEICHESHNEE
Y, REAWNSTHOREHORIASBELURWES, 2OBRBRETE ZELLEN
EVIRKRNLEBLUTHESh-HE*BAL -,

BEEF-—MHCBNTE, RANTHFHEMI/SOBAEBLRIAFIAFL Y (PON)
DE OBBEEKFHECOVTRI 2Tk, POND E L U TIiZ536PadtBEICHE X h T
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A, ZOEMEEBRXDRBBERGIGPA)VPHESAFEMREL T E, EZTIDA
KONWTRE 2T >R, EMPONS K UM - BALEPONTIX £ L U T52GPant B &
NEEHE—BUEN, REMERNE0GPat BB RBHCOWT EMHIXTCGPak Y, L%
MICHECPOMICH UTHBC2EEO EMEMXELA L RELE, E.OBEELEG
BETRHFLULERR, -IS0COBBRTIARND £ EX—HU, 856PaTH >, BE
DERCHEITHABOBRANCS IS0 TFHOESHUENRLRY, E.0BRBKHEHICER
MELCE, LENST, BRHEOE DZEIFRCBIZE220D) FHOEBHUEMNRER -
EZECEIbDLEZSNE, B _HMICBWTE , FEYVI/FI/HBEEET S
HAMDLT, ERHRTELULSEN EHGGPA)AHE XN TEE, RKUF NIk Fn
ISV PIHND E, DBRERERERIUE, ZOKE, PTHFO E,3-135CUFicBNT
183GPanmu, e DBRBIKFEMEIE P IX Y kinked chain model CHEIT A Z LA TH,
PTHF S FHIIC IR E B CHRICHBEHIC LI YKink ¥ BAZA TS Z ENEL LR -T2, &
EMCBNTE, HEERIZ-FNV - bV EK), RVZ—F L - 2—FNV-rhby
(PEER), RY (p-7x=VYH N T 74 F) (PPOYDKGHERERELE, TOKE,
PEEK, PEK, PPSICDWT E, & U T#H& X, T1GPa, 57GPa, 28GPa’@shir, chb KU
— BT hBEEANCRUCBERBEEELTBY, FHDPICRERRVEVREES, &
MEBCBNWTHTY >EBETHRICH 2D DS T, EEMIEEANINDOR, B
DEOHDE—AV PODPPBBMICHETHBAMNENLICETSEEI SN, HEM
BEREBEICEILS—BULE, 2, FFHOMEBICRIREAADEAOBENAEZLIES
U, SEORIY—DEDZEZETDHDEBRBLUTESADECE I DOLEILA
e EJEEUTROWThOARICH U THPaBE DB A Z RENEShEN, &
FHMICIFCBOVEEFRAZH TR LN REAE, 2, EMMONELEL
TERIT—ODFHHBECRINLNF DO TRHAMEEFMCE L2 EXABI LR
7=

BAEF -HICBNTR, RXORBBERV7IFTHEFI0V60E OREK
FHEERFLE, FMEBBEDO ERCHEVERMNICETL, 175CTICHB I Tik40GPal i
2k, Zh@FAMnrveaF#HP 7 IFERHMREHICIYVEBLUEBELR>EED
EEZOh, NOEBBONEOWVARBEOBBYN Y THOEHCEEUEKRETHILE
Aohrz, BEMICBWTRRRNBRFEERV7INTHBRY (p-7xz=LVFULU7
EANVTIR)PPTAD E,OBEKFE 2RI U, ¥R TL566PaTdH - EPPTAD F {HI
IS50CLLETETU, 348CTiX119GPak e o=, HFHBFAB LA FHEBICKH L THE
ALTHMOEMBOMBERERDISOCTERL, BHHEBUEESHICIIZERIBB LD
MG, EQETIXISOCUETCAU &GN D THOERMBO R FHOEEEDHY
RKCEIbOLEIDhE, SEHCHBWTR, TP EHESLEESERY 73
FOEEEZMELE, TORER, T TVREBLUAINOKES2EVRESEKLE
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DE & LUTIHIGPa PPTAICHR U T/hE REMEBSNh=, £, Point Hodel 25
LIV RREAD EEE UTETAGPaM B Sz, HHEMICB VT, REHRER
B FTHIMHM 74T uA D E EELE. 74 704 (Bombyx mori)lk, &)\
JELUTRDABEMNRAY - MEEELTEY, (002), (008)EICKNT S E,EEU
Ti23GPad o, ZOLIKNEREMEERSEDIBTI A TO4 DR THMFE
BV TBECHBEU TS.63EMUERBELEELTBY, HoMEDY, hHoEBRD/E
WARBBBEICIVAEUEEDTHE LEEZOLE, £, 74704 VKBV TERAM
MUEANDERDEANDEESEIKEL, ZhXBEEAEECERIREOBEE LU —KT
HHZEANHBL MR SR,

FANESE-BHLOLBEEZMTCERY AT VEAKETHY, FHEBRITEZIAFLVUE
DEM2~METORIVIY—DEBIUCEORBEKFEERFLE, KV FLVFVT
25— NMNPED)D EXHEBRNS215CE TI08GPal —ETH Y, MMM BUFAICKIL
Ee —H, BUTFUVYFUTES—MPBDD E R HRTIGPaTH > DD, T70C
METRBMICETL, GBHIBHPEULLBABRLE, REOE ORBKEHDEZRIH TH
BFRBEOREZERALSEHNICHRBEITZZeNTEE, RUMNIAFLVIYFUTIAS—
MCBWTIE, E,(2.59GPa)HX YD £.(3.8GPa) AN KEL, HFHEVTERZDIC
ET2h&Yb, PFHMEREEROTIRIOKLET A NOARKREVLODIERMS
TWRWHEBEETOENTFTHAZLEHLAICUE, EHMICBNTIE, BBTE,
ERBHUREFFEUWRVZFUVIUARIRYY IO E, OBRBKEHEERFE UL,
Wi T5.9GPaTH >k EHIEICHETCRBICETL, 175C T 96GPat o=, 4
FHEAASICS FHEBICH U TEAFMOBRERFERBSSTU ETABICABRL,
SFHEMBBOLEL, HTFHMEEEHOBETABRTOE, OETLCEFELTVS D
DEEXZBLOhE, EHK, BRTOE,OETERBBEROBREELICEERE REE
EREULTWAZEMHL IR, BAMICHSV TR, BRERVZXATFTVDOE %
WELE, ABLUTRERE - SHEROMEEALTHY, RABERADK KM
BOFLEEIBOTKRKENHEDN, BOhEE HIZLEEN NIk, CHhIZERKRET
O EGEST DD, TTIAV VR, AVIAINVBBRERHEATHZEICEKY, &
FHICHEERUENBAZNEEHTHIEERADNE, SHKERNCEEHRC=IT W
ENBAShERE, BEAOMEISFERE A <virtual bond N MEE D S E, &
REUTEFHOBONIOE-— AV OB ZBRICHY T 2B IR EIAELI Bz LK
Y EEMNELBoEbOEEIBNE,

BTEICSNTR, EREOBIFCOVWTXBHCND - UTEDbDASKIEDEN
KEBVITMIYIERABRORUERONEERAE, F—HCBWTR, 730 Fv IR
VAFVVOHBRUERLRELE, TORKE, BBEORRZ4EHORBIICHU T,
BFHMBRERCRANVF —ICHICT 2HRMHERE U TL.9~2.3GPaDEA /B h, Zhd
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DEPDFFHONRYF UV TOENLBRHUTEBZLEWALICLE, £k, RE2EKD
BMUERIS TFHRUBRB A VY - LA THERBEOERCHIGLTHEDDEEIDH
., BIMICBNWTR, PEI2FVIRVAZ U LBAFILOELBHEREREL =,
BERMFRBCOVTEI IGPaDEMBSh, ZhHRKBHER(2.86Pa) % LEIZZ LHD
RECHNENO—BSTFHMFELZTCRBEAI30TR RV DDEEI hE, —
i, BRRBCOVWTHFEAMCREALENDO-2¥ANTES W= IERMER(2. 86Pa) ik
DPTHMBERI VY -2 RBUEETH oL, £k, REMERIZIIH TFHEMOBEE

TEANF—LE>TEREIATEY, RHOEHRIS FHMEROTLICHHET 32 &t
ooz, '
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AR, MEFREERFIIIBELCEORBABE2AEEDD L ICITbhEEdDT
HY, TZICLAIALBEIHNELET,

AMALCEL, B2, HEN, HEREBOY ELEMFERELEFRRDRERLE,
BOTICRESKOAB R EBDLY EUEHF REDHERAARBFT RECESBH
ELET,

k2, ARBELEVEEZEEUEAFRBIZRERENEFBRRELALE, REKXEL
FHAFRHBRKE BEHELE, KRAYXRMEBRELCECELBIHVELET,

BE, AFREFC, KRIUXHK, @ WERK, #KEXRR, KAR XK, BRMHR
K, PRE2WLK, $HMUK, SHERROBHIER/RELLE, ZZCEIHALBLETE
7.

BR#IC, BrHHR, ARF O EEEZEUERARRE, PAFRZOFLERD TIC
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