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Chapter4．　0rientedCrystallizationof
Poly（ethyleneterephthalate）

4．1Introduction

Poly（ethyleneterephthalate）（PET）hasabenzeneringinthemonomerunit．Asshown

inThble1．2，themonomerlengthislO．75Ainthetricliniccrystal．ItiswellknownthatPET

SOlidinesintoaglassyamorphoussubstancebyquenchingfromthemeltstate．Colddrawlng

OfamorphousPETproducesahighlyorientedstatewithlittlecrystallinestruCture．Aglass

transitiontemperatureofPETis68－690C．However，lnitialcrystallizationofthedrawnPET

StartSlowerthanthistemperaturel1，2］．Thecrystallinityofthesamplesgraduallyincreases

upon the annealing．Therefore，StruCtural development on the cold drawn PETis qulte

interestlngfbrunderstandingthecrystallizationmechanismofpolymers．

ThemorphologyofPETwasinvestlgatedbyseveralauthors．DrawlngPETabovethe

glasstransitiontemperature，BonartfbundanintermediateparacrystallinestruCturel3］．The

nnaltriclinicstruCtureisachievedfromacompletelyamorphoustoanematicnrstandthen

toasmecticstate．YehandGeilpolntedoutthatglassyPETisprlmarilycomposedofbal1－

1ike struCtureSinwhichmolecules areintheparacrystalline order，andthatstraininduced

CryStallizationis causedbyrotation，alignment，andperfbctionoftheintemalorderofthe

bal1－1ikestruCtureSl4，5］．

InWAXSpattemSOftheorientedPET：somereflectionsareoftenlocatedupanddown

from normallayerline positions．This factindicates that crystals are tiltedin the same

directionwithrespecttotheunitcell．Thus，ade丘nitecrystallographicaxIS，Whichdeviates

fromthecrystallinec－aXIS，lSParalleltothedrawdirection．Thistypeoforientationisknown

asa’tiltedorientation’andwasnrststudiedbyDaubenyetal．［6］．Theyreportedthatthe

CryStals，drawnat750Candannealedat2100C，aretiltedby50insuchawaythatthe（230）

Plane remains vertical．As a result ofthe tilted orientation，the230recIPrOCallatticeis

PerPendiculartothe drawdirection．The resultis explainedbyaninclinedlayerstruCture，

Wheremolecularaxesshowaltematingtiltsinthecrystallineandamorphouslayersl7］．

MorphologlCal studies were also perhrmed by Zachmann et al．On the prlmary

CryStallizationofPETl8－11］．However，theprecisemechanism，fromanamorphousstatetoa

丘naltriclinicstruCturethroughparacrystallinestruCtureS，lSStillunderdiscussions．Wehave

thoroughlylnVeStlgated the crystallization ofdrawn PET by WAXS，MAXS and SAXS

methods，andtheanalyzedstruCtureisconnrmedbythesimulationuslngthelightscatterlng

method．Theresultswerepublishedinaseriesofarticlesl1，2，12－14］．Inthischapter，WeWill

describe struCturaldevelopmentsofdrawnPETonthebasisoftheseworks

4．2　SamplePreparationandCharacterization

Atroomtemperature（200C），theglassyPETsamplesweredrawnthroughanecking

Stage．AppearanceofthecolddrawnsampleischangedwithadrawlngSPeed．Forinstance，

the sample remained transparent while drawing atlow speed（～0．1mm／sec），Whereasit
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becameWhiteoropaqueathighspeed（～10．0mm／sec）．Inthefbllowingdiscussion，Welimit

the case at O．1mm／sec．For the systematic observation，the sample was crystallized at

differentannealingtemperatures（Ta）andtimes（ta）．Thedrawnsamples，keptinatautstate

tomaintaintheirlengthconstant，Wereannealedinasiliconoilbathoranoven（heatedbya

hotair）．Duetothelowheatcapacityoftheair，taWaSChosenlO4secfbrtheairovenl2］．

As main observations，WAXS，MAXS and SAXS of the annealed sample were

Surveyed．ThedensltyOfthesamplewasmeasuredinordertoestimateitscrystallinlty．For

COnnrmation，layer models wereillustrated by a computer．These pattemS Were then

Photographedon35mmnlms，WhichserveaSgratlngSfbrthelightscatterlngmeaSurementS

［12］．

4．3　VVAXSMeasurements

4．3．1InitialcrystallizationofthecolddrawnPET

TheWAXSpattemSOfthecold－drawnPETannealedinthetemperaturerangeof50－

1000C（ta＝10S）arepresentedinFig．4．1［2］．X－raydi餓●aCtionofthecolddrawnsamplehas

abroadmaximumontheequator．Thepattemdoesnotchangeuponannealingupto500C

（Fig．4．1a）．Di凪ISelayerlines，PerPendiculartothemeridian，indicatethe scatteringbythe
Orientedmolecule，aSmentionedinFig．2．4（ii）（pp14）．

は〕50凸C （b1600C
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Fig．4．1　WAXSpatternSOfPETobtainedatdiffbrentannealingtemperatures：

（a）500C，（b）600C，（C）700C，（d）800C，（e）900C，（f）1000Cl2］．
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The occurrence ofa difnlSe equatOrialmaximumindicates that PET molecules are

Prefbrentially aligned parallelto the draw direction with absence ofa crystalline order，

COrreSPOndingtoanematicstate，Whichiswellknownintheliquidcrystallinematerials．

In Fig．4．1b－d，a Weak reflection appears on the meridian．The spaclng Ofthis

reflectionismeasuredaslO．7Å．weindexthisreflectionasOOll，becausethespacingnearly

COrreSPOndstothemonomerlengthofPET．The OOllreflectionalso appearsatTa＝500C

whenta＝102S・Theequatorialmaximumisstillbroadbelow700C，indicatlngthattheoriented

PETmoleculeshavenolateralcrystallineorder．TheresultsconnrmthatthenematicPETis

growntoasmecticorder．

Theintenslty Of OOll reflection changesin the temperature range of50－800C

dependingonTaandta．FortemperaturesTa＞800C，theintensltyOfOOllreflectionclearly

decreases，andatthe sametime，thetriclinicOlOandOTlreflectionsappearasshownin

Fig．4．1d－f．The resultsindicatethatthe colddrawnPETis crystallizedintothetriclinic

StruCturethroughthenematictosmecticstates．

4．3．2Analysisofthetiltedorientation

At higher temperature abovelOOOC，the triclinic丘ber pattemindicates the tilted

Orientationl6］．Forpreciseanalysisofthetriclinicreflections，WeuSedacylindricalcamera

l1］．TheWAXSofthecolddrawnPETannealedat1500C，2000Cand2500C，areShownin

Fig．4．2．Duetothetiltedorientation，the reflections are displacedfromthelayerlines as

mentionedintheintroduction（4．1，PP31）．BypreciseobservationofthecylindriCalpattemS，

amountofthedisplacementisfbundtobechangedbyTa，demonstratlngthatthecrystalline

tiltvaries withthe annealing temperature．This factis conflictedwiththe nndings ofthe

Othersl6，7］，becausetheso－Called（230）tiltingmustgivethesamedisplacementatanyTa．

TheamOuntOfdisplacementfromthelayerlineispreciselymeasuredfromtheWAXS

PattemS．Then the resultis compared with the calculated value by changlng the tilted

direction and angle．The fbatures of the ntting areillustratedin Fig．4．3，Where the

displacementinFig．4．2iswellexplainedbythecalculatedpositions．

q

Fig．4．2WAXSpatternsofcolddrawnPETbyacylindricalcamera．

Annealing temperatures：（a）1500C，（b）2000Cand（C）2500Cl1］．
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Fig．4．3　Displacementofthereflectionsfromthelayerlines：The arcs of（a），（b）and（C）

COrreSPOndtothereflectionsofFig．4．2anddotsshowthecalculatedpositions．［1］

BytheanalysISOfthetiltedorientationofthecolddrawnPET：wehaveconclusions：

1．Atlowtemperatures（1000C－1500C），the crystalline c－aXisistiltedinthe bc－Planeby

5～80．Athightemperatures（2000C－2500C），thetiltdirectionischangedtowardsac－Plane

Wherethetiltangleremainsby50．

2．Atlowtemperatures，theOlOandOTlreflectionsbecomesharperthanotherreflections．

Thisfactindicatesthattheinitialcrystallizationprefbrentiallydevelopsalongtheb－aXis．At

hightemperatures，thetricliniccrystalgrowsalongaandbdirectionswithouttheprefbrence．

3．Accompaniedwiththeprefbrentialcrystallizationalongtheb－aXIS，thecrystallinec－aXisis

tiltedinthebc－Planeatlowtemperatures．Theobservedvariationofthetiltedorientationis

WellexplainedbytheprefbrentialgrowthofthecolddrawnPET．

4

1

′

Hightemp．

Fig．4．4　Prqiectionofthetricliniccrystalalongthec－aXis．

Thedottedlinesindicatethegrowthdirections．

4．ConsideringthecrystallinestruCture，PEThasabenzenerlnglnthemonomerunit．Inthe

tricliniccrystal，thebenzeneplaneisinclinedfromthebc－Planeby150．Intheflat－SeCtioned

POlymers，theinitialcrystallizationisprefbrentiallydevelopedalongtheflatplane．Atlow

Jr〃J／，‘γ〟JJJJ・八丁〟‘・l・り・、J〟／八．rn川YJ〃‘W・什／，′J川仇イJ〃〟kリレ〃二川り，ん川‘用、〃山、J川J‘・l／中り〟‘・

lん′肌・lHんJ‘リJJJ・旬．⊥JLlりJJJ〟ぐ・′J〟‘リ・〟′J…／、〟J恒で〟Jr〃J／，‘γ〟丁目・ハ、J〟‘・l・Jγ、J〟／lん・l・‘イ叩，、ん′J〟

／，′J川仇イ′J…／／，叩，ぐ〃〟ん・JJんJJ・J・り〟‘・ムぐ〃こぐ〃り，ん＝‘・．〃kJJh・dH・ん・J〃仙Jん…八l・／…‘中J・‘イ仙・dJ〃

J〟‘・l・Jγ、J〟／／んJ‘・．rJ・〃…〟l〟J・八・Jん…．
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4．41nsituObservationbyMAXS

Inorderto analyzetheinitialcrystallization，the colddrawnPETwasnxedonthe

heatlng aPParatuS．During heatlng，thein－Situ crystallization was measured by the

SynChrotronfacilityl2］．The results ofthe MAXS measurements are showninFig．4．5in

WhichtheisotropICrlngSareartifactsorlglnatedfromthepolymernlmplacedinthevacuum

Path．Themeridiona10011reflectionislocatedoutsidetheisotropICrlngaSindicatedinFig．

4．5C．TheOOllreflectionappearsatTa＝500CandcompletelydisappearsatTa＝1000C．On

the otherhand，the SAXS reflectionappearsnearthe centerofthepattemattemPeratureS

700Candabove（Figs．4．5C－f）．InFigs．4．5d－EtheSAXSpattemaPPearedontheellipsoid．

From the SAXS reflection，thelamellar spaclng along the Z－aXIS，Lz，lS meaSured．The

ValuesofLzarealmostconstantovertherangeoftemperaturesshowninFig．4．5andequalto

llOÅ．Hence，theinitiallamellae alongthe drawing directionwillcomprise roughlylO

monomer units．As the annealing teny，eratureincreases，the meridional rdlection

／，叫でJ・ハ、汗‘中け川Ar〃、け〟仇リ〟‘・・ヽ1．＼二†J・‘ノん・l・Jん…んけJ・川、ハんJん机Yn小川rJ…八丁ん叩，川・J〟〃J

J・ハJJ／J八丁〟′JJJ〟‘・、〃八・l・Jん・、J川l・JJm・′川lH〟‘・lん・l・‘イ叶，仙WJ・イJ〟‘リJ・ん・／んJん・ん川J‘イ／仙・′肌・

・、JJ・棚対日・川・J・‘イ仙・l／んJJ〟‘リノ諭んJ／l・り・、J〟／／た′JJん川．
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Fig．4．5　InsituMAXSpatternSOfPETobtainedatdiffbrentannealingtemperatures：

（a）500C，（b）600C，（C）700C，（d）800C（e）900C，（f）1000C．

The MAXS patternS Were Observed duringlnCreaSlng7㌔with the time

intervalof30secineachpattern［2］．
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4．5　SAXSMeasurements

4．5．14－PointSAXSpattern
SAXS measurements were perfbrmed onthe cold drawn samples annealed at㌫≧

1000Cl8］fbrta＝104sec．AsshowninFig．4．6，theSAXSpattemSreVealatypica14－POint

Pattem，Wheretheintensltyandshapesarechangedby差．ThisdifRrenceiscausedfromthe

lamellarthicknessaswellasthelamellarinclinationanglewithrespecttothedrawdirection．

TheincreaseofSAXSintensltyWithTaisrelatedtotheintemalstruCtureOfthelamellae．For

theshapeofthe4－POlntPattem，thestreaksappearontheellipsoidat㌫＝1500C，Parallelto

the equatorat㌫＝2000Candonthehyperboloidat㌫＝2400C．The relationbetweenthe

SAXSpattemandthestruCture，tOgetherwiththecrystallizationmechanism，isdiscussedin

thefbllowlngSeCtions．

喜i盛夏一丁云一千
桝　鞘U・C 〔再24げ仁

Fig．4．6　SAXSpatternSOfdrawnPETannealedat：（a）1500C，（b）2000C，（C）2400Cl12］．

4．5．2　Evaluation ofthickness andinclinationofthelamellae

Inordertoanalyzethe4－POlntPattem，Wede丘neherethelamellarspaclng，Landthe

lamellarinclinationangle少，betweenthelamellarnormalandthedrawingdirection．

DrヨW－diT亡⊂liqTl

DnWJlr亡血D几

はl

Fig．4．7　Comparisonof（a）the4－POintpatternand（b）thelayerstruCture．

Thediagonaldirectionisparalleltothelamellarnormall12］．
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InthefbrmerSeCtion，WeCOnSiderthelamellarspaclngLzalongtheZ－aXis．ThenLz

hasarelationwithLbytheequation：

上〒エzcos少．

Tb determine L and少，We draw a4－POint scheme as shownin Fig．4．7a．In the

PrOCedureofanalysIS，Weatnrst丘xthepositionsof4－maXimawherethedi餓●aCtionintenslty

hasahighestvalue．AsindicatedinFig．4．7a，WemeaSurethedistancel，Whichisahalfof

thediagonallengthofthe4－POint，andangle少．

ThecorrespondinglayerstruCtureisillustratedinFig．4．7b．Thelamellarspaclng，Lis

measuredfromtheobservedl．usingEqs．（1．3）and（4．1）．Forthe SAXSmeasurement，itis

POSSibletousetheapproximations：SinO＝0，andtan20＝20，WhenthevalueofOissmall．

Then．

2上sinβ＝2上β＝A

tan2β＝2β＝J／月，

WhereRisthecameralengthoftheSAXSsettlng．Asaresult，Liscalculatedby：

上＝必／J

The results of the observed values arelistedin Thble　4．1．Values of thelamellar

SPaCingLincreasewhereasthoseoftheinclinationangle¢decreasewith7忘．

Table4．1．LongperiodinthedrawlngdirectionLz，lamellarinclinationangle andlamellar

spacingLofthecolddrawnPETannealedattemperature㌫（ta＝104S）［2］．

㌔（OC）　　　上Z（Å）　　　¢（○）　　　上（Å）　　　q　　　　左（Å）

100

120

140

160

180

200

220

240

110

111

113

117

120

124

140

158

60

56

52

49

47

45

41

37

55　　　　　　　0．22

62　　　　　　　0．28

70　　　　　　　0．35

77　　　　　　　0．41

82　　　　　　　0．48

88　　　　　　　0．55

106　　　　　　　0．63

126　　　　　　　0．72

14

20

28

35

44

52

70

91

4．5．3　Fineranalysisofthelayerstructure

Followlng the two－Phase model，POlymermaterials are consisted ofcrystalline and

amOrPhousphases．Then，thevolumedegreeofcrystallinlty，aC，isderivedfromthesample

densltyPbythefollowlngrelation；

α。＝（β1ち）／（A－ザa），

Wherepaand p。aredensitiesofamorphousandcrystalphases，reSPeCtively．

AccordingtoFig．4．7b，thelamellarstruCtureiscomposedofcrystallinelayers（Lc）and

amOrPhouslayers（La），WhereL＝Lc＋La．Usingthevalueofα。，WeCanCalculateLcby；

上。＝上吼．

The SAXSintensltylS Varied by the di脆rence ofelectron densities between the
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CryStallineandamOrPhouslayers．Normally，theintensltylnCreaSeSWithLc．However，the

limitcasewhenα。＝1，the SAXSdi餓●aCtionwilldisappear．Wediscusstherelationofthe

SAXSintensitytothelayerstruCtureinthesection4．8（pp44）．

TheshapechangeoftheSAXSpattemWithItlCanbeunderstoodbymeansofanangle，

E，Whichisdennedasananglebetweenthediagonalandthenormaltothestreakasshownin

Fig．4．8．ThevariationofEispossiblyrelatedtothelamellarfluctuation．ThennestruCtureS

relatedtothe SAXSintensltyandtheangleofErelatedtothelamellarfluctuationwillbe

discussedlaterwiththehelpofasimulationtechniqueusingthelightscattering（pp45）．

ヰ

Fig．4．8DefinitionoftheangleEbetweenthediagonalandthenormaltothestreakl12］．

4．6CrystallizationProcessofColdDrawnPET

4．6．1Initialcrystallizationatlowtemperatures

InordertosummariZethevariousstepsofthecrystallizationprocess，theresultsofthe

WAXS，MAXS and SAXS measurements are schematicallyillustratedin Fig．4．9．MAXS

resultsare summarizedonthe schemesofWAXS．

Startlngfromtheglassyamorphousstate，mOleculesarealignedtothedrawdirection

Showlngthenematicorder．ByappearanceoftheOOllreflection，thenematicPETimproves

Orderingtothesmecticstate．Intheinitialcrystallization（800C＞㌫＞1000C），thedevelopment

Ofthetricliniclamellaeisaccompaniedbythedisappearanceofthesmecticreflection．Dueto

theprefbrentialgrowthofthetricliniccrystalalongtheb－aXIS，thec－aXisshowsthespecinc

tilted－Orientation．

4．6．2　Molecularorientationbycolddrawing

ThedensltyOfthedrawnglassyPETsamplemeasuredat200Cisl・37g／cm3・This

valueis higher than that ofamorphous PET（1．335g／cm3）．The density monotonously

increaseswith差．Somemolecularsegmentscouldberandomlyorientedorpartlyentangled

OWlng tO thelimited mobility at temperatures wellbelowIt・However，COnSidering the

applieddrawratioof3．8andtheincreaseddensity（1．37g／cm3），itisreasonabletoconsider

thataslgnincantnumberofmoleculesarealignednearlyparalleltothedrawdirection．The

Orientationalorder exhibited by the PETmolecules can be described by nematic state as

SChematically depICtedin Fig．4．10a，Where the circlesin the molecular chains represent

benzene rings separated bylO．75Åintervals．Thelateralposition ofeach benzene ring

deviateswithrespecttotheneighboringmolecules．
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Fig．4．9．　　SuInmaryOftheX－rayreSultsduringthecrystallizationl2］

4．6．3　Analysisofthemeridionalreflection

ThemeriodionalreflectionisnrstapparentattemperaturesbelowTg・ThespaclnglS

almostequaltothemonomerunitlength，SuggeStlngthatneighboringmolecularsegmentsare

laterallyalignedwiththebenzeneposition．7わexplainthisresult，WeCOnSiderthesmectic

川・lんリ・lん・l・‘イ叩，‘叶／J・〃〃JJ〟rJJr〃MJん・、J〟付〟→、〟川川んJJ・互．⊥J〃八川‘・」レ〃二川rJ・毎で‥イJ〟‘・

・、〃八・l・Jん・、J〟付′mHJJ・川JJ．押／…日，ん＝ハ／，‘叩ぐ〃〟ん・JJんJJ・J・＝〟‘・lん・〟＝・l〟J・八・Jん〃hけh71〟→J〟‘・

lateralpackingq／theneなhboringmoleculeshasnocり′StallineordeれThesmecticstateis

PreSumablyattainedbyincreaslngmObilityofsegmentsleadingtotheslightlyhigherdensely

（p＝1．38g／cm3）thanthatofthenematicphase．

4．6．4　Developmentoflamellarstructure

A di凪ISe SAXS reflection appears at Ta＝700C（Fig．4．5C，PP35）prior to the

developmentofthe triclinic crystal．The result suggeststhe existence ofaprecursorstate

befbrethetriclinicstate・IfweconsiderthatTaisthevicinltyOfTg，mOlecularmotionsarenot

SufncientsoastoformalayerstruCtureglVlngthe SAXSreflection．Hence，WePr呼，OSea

J…′んで〃んげJ仙両川肌・〟′＝八川んJJ〟ハ仙・l・Jん・／，〟〟Ⅵ・け〟ん・〟ん叩，／ん・＝川JんJん＝川＝・川叶，‘γ〟J八・‘・

l〟、／，／肌・ぐ〃Jr〃∴J肘、J仙両川肌・〟′川八J〃＝・〃JJん／／，J・川／肌・‘用lんYn吋l項／‘m肌・…イJ〟んJJ〟ハ仙・l・Jん・

・、J川l・J〃nr′〃H／〟ぐ〃l・‘・l・・…ん／nT，んJん＝〟‘・、J川r〃肌・・′わ、‘1・‘・l／小・ヽ1．＼二㌦」、〟J・ハJJ／J・イJ〟‘・

J…′んで〃んJH抽毎でん＝〟‘・、〃八・l・Jん・、J仙＼J〟‘リ，〟〟Ⅵ・、りM川Jん…ん〟〃JJ・ん・／んJん・l・Jγ、J〟／／んJ‘・〟…／

amoq，housILV，erS OCCurS at80－1000C作物．41104．The precursor stage at Ta＝700Cis

SChematicallyillustratedinFig．4．11．
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Fig．4．10Schematicrepresentationofthemorphlogicalchanges：（a）nematicphase

（b）smecticphaseand（C）triclinicstruCturel2］．

4．6．5　Tiltingmechanism

OnepossibilitytoexplaintheperiodicdensltydifRrenceobservedalongthemolecular

directionatTa＝700c couldbe dueto acombinationofamoleculartiltmechanism andthe

inclination ofthelayer surface．Tb estimate the denslty di脆rence along the molecular
direction，We nrstcalculatethe averagelateraldistance betweenmoleculesinthe smectic

state．Thevolumeofthetriclinicunitcell，V。，is218．95Å3［4］．Theaveragesmecticvolume，

Vym，lSeStimatedasfbllows：

坑椚＝一旦－×咤＝230．85Å3
ハ…

where，P。＝1．455g／cm3［6］，andpsm＝1．38g／cm3asa smecticdensityobservedat700C．

Theaveragemolecularcrosssectionisderivedas230．85Å3／10．75Å＝21．47Å2andthe

averagemoleculardistanceiscalculatedas5．23Å．Ifweassumethatthelamellarsurfacents

totheshiftofonemonomerunit（seeFig．4．11a），thentheinclinationangle¢ofthelamellais

calculatedas：

¢＝tan‾1（器）＝64。

Thisvalueis consistentwiththe value（～620）obtainedfromthe MAXS pattem at700C

（Fig．4．5C）．
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〔a）

■
●

■
一

tbI

Fig．4．11Thetiltingmechanismoccurringintheprecursorstate：（a）Thedensitydiffbrence

betweenAandCregions，（b）Thephaseseparationinducedbythetiltingby（ヲ［2］．

Assumlngthatthe smecticmolecules aretiltedaltematelybyanangle±6fromthe

draw direction，theinclinedlayerproduces packing difRrence between reglOnS Aand C

（Fig．4．11a）．TheratiobetweenthedensitiesintheAandCregionscanbecalculatedfromthe

ratiobetweenthelateraldimensionsinAandC，44／dc．Ifwecalculatethecaseof6＝10：

屯＿Sin（900－640＋∂）

互　sin（900－640－∂）
＝1．074

Ontheotherhand，thequotientbetweentheamOrPhousandthetriclinicdensltylSequalto：

些∴」二竺竺＝1．062
／㌔1・370

Thus，theestimated亘4／（左ratiointheprecursorstateseemstobesufncienttoproduce

therequireddensitycontrast．Moreover，uSing6＝10andL＝110Å，thelateraldeviationfrom

thedrawdirection，血，islessthanlÅ（Fig．4．11b）．Thesmal16and血valuesarepossibleto

OCCurintheinitialstagesofcrystallizationatTg・The afbrementioneddiscussionstrongly

SuggeStSthatatiltingmechanismcouldproducetheprecursorstateat700C．

4．6．6　Developmentoftricliniccrystals

TheresultsofWAXS（Fig．4．1）indicatethatthetricliniccrystaldevelopsabove800C．

Intheprecedingsection，WeSuggeStthattheprecursorstateisfbrmedbyaslighttiltofthe

SmeCticmolecules．ThetriclinicstruCtureisthendevelopedatTa＞800Cbyafurthertiltof

themoleculeswithinthecrystallinelamellae．InFig．4．1もthetriclinic（010）planeisinclined
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by8～100fromthedrawdirection．ConsideringthetriclinicstruCturel6］withcrystallographic

angleα＝98．50，thecrystallineb－aXisisnearlyperpendiculartothedrawdirection．Thisfact

SuPPOrtS thatthe triclinic（001）planeis perpendicularto the draw direction．Figure4．10c

SChematicallyshowsthedevelopmentofthetricliniccrystalsatlOOOC．Furtherannealingat

hightemperatureswillthickenthecrystallinelamellaeasshowninTbble4．1．

hJ〟‘リノ諭んJ／l・Jγ、J〟／／Jこ′JJん川・イr〃ん相川一川川ごJ〃仙・l・〟′＝八JJりJ・〃〃JJ〟ハ仙・l・Jん・、lイ′JJ〟‘・

／肌で〃ハ、川　んん仙J〟りJJMHJ・ん・／んJん・、J仙・八日丁，んJん…／申ⅧkJ仙両川肌・〟′川八川．川ハ鞄かJ抽

んJJ〟‘り肌・／ん…／／町‘リ・、日ソ仙・‘・‘鼎・l・血中／，J・川／肌・ハ′Jl／川、吋l昭／‘m肌・‘・ム‘州‘・ぐ〃l・JこいJ〟／／んJ‘・

′J…／′川…リ，〟・…、J・‘二でん川、んJJ〟り肌・l・JJ、川・、J仙・．

4．7EffbctoftheDrawlngTbmperature

In the above discussions，We have studied the case ofthe cold drawn PET．We

COmPareherethecaseofthehotdrawnsample．TheglassyamorphousPETwasdrawnat

900CwithdrawlngSPeedof30mm／sec．Thenthesamplewasannealedwithoutshrinkageat

1500CfbrlO4sec・TheWAXSpattemShowsthatthecrystallinec－aXisislargelylnClined

（about300）fromthedrawdirection（Fig．4．12C）．TheSAXSpattemdisplaysatypica12－POint

Pattem（Fig．4．12d）．AsobservedinthecolddrawnPET（Figs．4．12aandb），mOleculesare

highlyoriented，Whereasthelamellaeareinclinedfromthedraw－direction．hthehotdrawn

川ごJこJ…′んで〃／ハ〟Ⅳ〟和叫・んJl・／ん…上げがんリ〟‘・ん川J‘イんJJ・JM川＝／hr〃〃八・、／，〟川仇イJ・＝〟‘・

lん・〟け－1〟J・八・Jん川．川rJ・ハJJ〟HJJ・ハl・〟ぐ〃MJん・′J町l〟、／，／叫Yl／んJJ・旬．⊥JJ．川ハ〃〃／，／川Jr〃J〟り・

‘鼎・l・J叩γ，川ハんJJ〟rJ…′んで〃んげ〟…川J仙イんJJ・んJl・／んMJん′JnんJJ〟‘・h′J〟l・〟Ⅵ・、．

SAXS

HotDrawn

（d）

Fig．4．12　Comparisonofthecold－andhot－drawnPET
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（a）

＿＿◆　　dc
＼

L a y er l ◆

d a

／／

＼ ＼

Fig．4．13　ComparisonofthelamellarstruCtureSannealedat1500C：

（a）InthecolddrawnPET，mOleculesarenearlyparalleltotheZ－aXisand

layersarelargelylnClinedshownbythe4－POlntSAXSpattern．

（b）Inthehot－drawnPET，layerisflatindicatedbythe2－POintpattern

WherethecrystallinemoleculesarelargelylnClinedfromtheZ－aXis．

Thedottedlinesintheamorphouslayerdemonstratetheaverage

moleculardirection．Thedisorderedsegmentsincludingchainfbldingare

COnCentratedintheamorphouslayer．

4．8SimulationbyLightScattering

4．8．1Analysisofthesmecticstructure

Tb examine the relation between the width ofsmectic region（real space）and the

Sharpness ofthe reflection（reciprocalspace），We denne wanddsasthewidthofsmectic

reglOn andlayer spaclng，reSPeCtively．Forthe simulation，SmeCticlayers are depicted by

thickblacklines，aligned perpendicularto the meridian separatedby ds．In Fig．4．14，the

SCatterlngPattemSaremeaSuredbychanglngW／dsratiofromO．5to6．0．meresultsindicate

J〟′J＝〟rJ肌・J・ん〟〃JM／J・‘ノん・l・Jん…ム‘・r〃仙・、、〟〟叩，け仙んけJ・川、毎でJ〟rJ・〟Jわ、′川l／′り，・′んJJ－仙‘・

rdlection（WearSWhenl〟吼＞4．Fromthesenndings，thewidthofthesmecticregioncan

beestimatedlargerthanw／ds＝4．Ifweconsidertheaveragesmecticspacingbeingds＝10Å，

the sharp OOllreflection，Observedin Figs．4．1and4．5，Willappearwhen w＝40Å．

Assuminganaveragemoleculardistance＝5Å，thepossiblesmecticregionwiththecross－

section（40Å）2consistsof（40／5）2＝64molecules．
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Fig．4．14　SimulationoflightscatterlngtOObservetheeffbctofthesmecticwidth

Onthesharpnessofthemeridionalreflectionl12］．

4．8．2AnalysisoftheSAXSintensity

InthelayerstruCture，WeCOnSider L＝Lc＋La．TherelationofSAXSintensltyWithLc

（crystallinelayer）issimulatedinFig．4．15．Here，Lcisrepresentedbytheblacklinesofthe

gratlng．TheratioLc丑ischangedby10－90％．TheresultisglVenundereachratlO，Showlnga

Changeofintensity（arrowsfromatoe）．W7hiletheminimumintensio，（WearSatL。丑＝10

and90％，themaximumintensio，isattainedatL。a＝50％．These factsindicatethatan

increaseofLcmakesanincreaseinSAXSintensltyuntiltheratiobecomes50％．InTbble4．1，

thecrystallinltyisO．55andO．72atTa＝2000Cand2400C，reSPeCtively．However，theSAXS

intensltyishigheratTa＝2400C．Thisfactsuggeststhatthe surfaceofthecrystallinelayer

includessomeimperfbctreglOn．

l一匹　10陽　　　　30陽　　　　50弘　　　神路　　　　軸鴨

－　　　　　　　　　　　　　　－

Gra山鳩

Li皇hscatteri昭

二＿‾－　　　　＿＿

－

＿　　　‾　　■■

＿＿＿＿＿＿＿＿＿＿＿＿二

－

■　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－
‾　＿－

－　　－　■

－

－

‾二‾－‾　　　＿

a b c d

Fig．4．15Simulationofthethicknessofcrystallinelamellael12］．
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4．8．3AnalysisoftheSAXSstreak

The shape change ofthe SAXS reflectionis examined by thelight scattenng．In

Fig．4．16b，thelayer struCture has afluctuation perpendicular to thelayer plane．The

COrreSPOndinglightscatterlnghasastreakperpendiculartothefluctuation．InFig．4．16aandc，

thefluctuationisdisplacedintheoppositedirectionfromFig．4．16b．Thedisplacementangles

area鴎ustedto E＝－200，00and200inFig．4．16aandc，reSPeCtively．Thus，theresulting

di餓●aCtionpattemSeXhibitthatthestreakisinclinedby－200，00and200fromthemeridian．

g＝－200

Grating

‾　‾　一■＝＿＿二‾‾‾二＿‾二二＿二－‾

二二二二二‾二．「二二■■■L．∵‾▼‾‾

g＝00

■一一一二＿　＿⊥＿二二

‾一一・‾‾二＿二－＿‾＿‾＿「二二

g＝200

LightscatterJng

Fig．4．16　Simulationoftheeffbctoflamellarfluctuationl12］．

4．8．4　Analysisofthe4－POintpattern

TheresultsoflightscatterlngStrOnglyindicatethatthestreakinthereflectionappears

fromthedisplacementofthelayerfluctuation．Thedirectionofthestreakisperpendicularto

thedisplacement．ThustheresultsofthelightscatterlngCanbeextensivelyappliedtothe丘ne

analysisofthe4－POintpattem．TheSAXSpattemSOfFig．4．6areanalyzedbymeansofQand

E．Here，WeCOnSidertheinclinedanddisplacedlamellarstruCtureWithrespecttothedraw－

direction．TheobservedvaluesarelistedinThble4．2，Where¢decreasesandEincreaseswith

Ta．TheresultsobtainedareillustratedinFig．4．17．UsinganotherpalrOfthereflectionsin

the4－POlntPattem，thesymmetricallayerstruCturebyrotationaroundthedrawdirectionis

also possible to exist．In the real space pICtureS，the direction ofthe displacementis

Calculatedbythe angle E一声．The displacementmay be relatedtothe macroscopic Rbril

direction，alongwherethemolecularchainsareaveragelyrunnlng．



46

Thble4．2．LayerstruCtureOfcold－drawnPET．

差（。C）　上Z（Å）　¢（。）　上（Å）　g（。）　g一声（。）　α　　左（Å）

115　　　　　　50

124　　　　　　45

158　　　　　　37

74　　　　35

88　　　　45

126　　　　55

－15　　　　0．40　　　　30

0　　　　　0．55　　　　48

18　　　　0．75　　　　95

g＝350

Reci rocd

SpaCe

R亡山印aCe

（叫

g＝550

敦

腐
Fig．4．17　AnalysISOftheSAXSpatternCOrreSPOndingtoFig．4．6，

annealedat（a）150，（b）200，and（C）2400Cl12］．

Theinclined anddisplacedlamellae areillustratedintherealspace．Theinclinedblack

linesindicate the crystallinelamellae withinterval of the amorphouslayers．The distorted

rectangleshowsthedirectionofthedisplacement（Correspondingtoafibrildevelopment）．

ThesymmetricalstruCtureSarOundthedrawdirectionarepossibletoexist．

4．9　ConcludingRemarks

ThecrystallizationofcolddrawnPEThasbeenstudiedbyX－raydi餓●aCtion．Starting

ノ川＝J〟rJJr〃MJん・、J仙・、J〟‘リJJJ高J／l・Jγ、J〟／／Jこ′JJん川．rJ・〃げ、J〟J・〃叶で〟J〟ハ仙・l・Jん・、J川r〃肌・Tllし

SAXS maxima observed at　70　0Cindicates a precursor stage befbre the triclinic

CryStallization．At800C，the triclinic crystaldevelops along the b－aXis，Where the（010）

Planesareinclinedby8－100fromthedrawdirection．mecり′Stallizationmechanismjiom

J〟ハ仙・l・Jん・、J川l・JJmいイ′り肌・l・JJハ川・、J仙・、ん〟〃J〟りJJMHJ・ん・／んJん・l・り・、J〟／八日丁，んJん…／小J〟‘・

tiltingmechanism．Themoleculartiltandtheinclinationofthelamellarsurfaceproducea

densltydifRrencebetweentheamorphousandcrystallinereglOnS．metricliniclamellaeare

devel呼，edaccony，anylngthetiltedorientation．Thesharpnessofthesmecticreflection，the

ChangeofSAXSintensltyandtheshapechangeoftheSAXSstreakarewellexplainedbased

Onthesimulationbythelightscatterlng．
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