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Chapter5．TemperatureSlopeCrystallization

OrPolymers

5．1．Introduction

The struCture Ofa slngle crystalcan be precisely analyzed bythe X－ray di釣●aCtion

method．Whenaslnglecrystalofsuitable sizeistechnicallydi鋭culttoprepare，the sample

POSSeSSlngPrefbrredorientationismoreadvantageoustostudystruCtureandpropertythanthe

un－Oriented sample．Inthe previous chapter，PETsamPles are mechanically drawnto have

molecular orientation．In this chapter，We uSe the specialtechnique to attend a prefbrred

Orientationforseveralpolymerswithoutmechanicalorientation．

In1956，Setoetal．devisedanapparatustocrystallizeasampleinatemperatureslope

andsuccessfullyappliedittothecrystallizationoforganiccompound－triglyceridel1］．Inthe

Seto’smethod，aSPeCimenisenclosedinaglasscapillary，andheatedintheheaterabovethe

meltingtemperature．Thenthespecimenismovedslowlylnthetemperatureslopetowardthe

COOler．Asaresult，thespecimeniscrystallizedinbetweentheheaterandthecooler．Fromthis

investlgation，heobtainedwellorientedsample．Wenamedthismethodas’1emperatureslope

CryStallization”，Whichishereinafterabbreviatedto“TSC”．

Applications of the TSC method on polymer crystallization can befoundin the

literatures around1960［2－6］．Atheory ofTSCisintroduced by Lovingerl7］．Fttiiwara

improved severalparts ofthis method and applieditto polymers．The丘rstapplication of

TSCwasperhrmedbyhimonpolypropylenewithwellorientedα－andP－CryStalsobservedby

WAXSandSAXSl6］．TheresultsofTSChavebeenpublishedbyFttiiwarainthegreenbook

titled”A Survey OfTbmperature Slope Crystallization fbr the Oriented Crystallization of

PolymerLamellae”［8］．Fromthecircumstancesexplainedinthepreface，WereCOrdthecopyof

thegreenbookattheendofthisbook．

In the melt state ofpolymers，randomly disordered molecules are transfbrmed to

regularcrystalsandfurtherorganizedintolamellae．Intheisothermalcrystallization，lamellar

texturesaredevelopedfromanucleus．Aspheruliteisthengrowntosizeofl～100トLm．During

the crystallization，the sphericalfrontmovesfromthenucleustoperiphery．Therefbre，ltis

di鋭culttoanalyzetheorderingmechanismbytheisothermalcrystallization．

Using the TSC method，itis possible to observe a Stationary melt－SOlidinterfacein

betweentheheaterandcooler．Movlngthespecimenslowlyalongthetemperatureslope，the

melt polymeris crystallized perpendicular to theinterface．The resultant texture has a

Prefbrentialorientation corresponding to ahuge－Sized spherulite ranglng SeVera1cm．The

Well oriented specimen can be used fbrfurther measurements．The results of struCtural，

mechanicalandthermOdynamicstudiesareshowninChapters6，7and9．Moreover，uSlngthe

Stationary melt－SOlidinterface，mOlecular ordering phenomena can be examined byin－Situ

measurements．

Consideringtheaboveissues，WehavepreparedseveraltypesofTSCinstrumentSand

Surveyed on polymeric materials by TSC．Some polymers are di鋭cult to get successful

results，mainlyduetodegradationofthemeltedpolymers su銑redathightemperaturesfor
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long time．Using a well oriented samPle by TSC，Weinvestlgated by simultaneous

measurementsuslngWAXS，SAXSandoptlCalmicroscopICteChniques．Theresultsobtained

fromtheseinvestigations were reportedin a series ofarticlesl8－23］．Inthis chapter，We

describethe construCtion ofthe TSC apparatus．Then we show examPles ofthe oriented

POlymersbyTSC，and丘nallywediscussthefunctionofTSCbythein－Situstudiesforsome

SPeCi丘cpolymers．

Fig．5．1MainpartsofTSCapparatusconstruCtedbyFltiiwara．A：heater，B：COOler，

D：Clamplngblockofsampleholder，R：COnneCtlngrOdtothesmoothingdevice，

S：SPeCimen，K：Steelbelt，V：SamPlecase．［8］

5．2　ConstructionofTSCInstruments

5．2．lTSCapparatusfbrafilmspecimenbyFujiwara

In orderto measurelamellartextures by an optlCalmicroscope，a nlm specimenis

PreParedbyTSC．Foraflatsample，FttiiwaraonglnallydevelopedtheTSCinstrument．The

mainpartofthisapparatusisshowninFig．5．1，andthesideviewisschematicallyshownin

Fig．5．2．
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Inthesengures，thesamplecell，S，isconnectedtoaspecimenholder，D，Whichisnrmly

丘xedtoarodR．Inthebottomdirection，Risconnectedwithadamplngdevicetoremove

mechanicaloscillations．RismoveddownwardbyasteelbeltK，Whosespeediscontrolledby

a geared motor．A and Alare copper heaters，heated to a constant temperature7ゝby a

temperaturecontrollerbeyondthemeltingpolntOfthespecimen．Symmetricalshapedcopper

COOlers，BandBl，arekeptat180Cbycirculationofwaterthroughthem．ThegapbetweenA

and B（likewise between Al and Bl）is丘xed tol mm distance．Polymer samples are

Sandwichedbythinglassplates．Weusuallyusemicro coverglasswith50mmx40mmin
height and width and0．1－0．2mmin thickness．The polymer samPleis once melt and hot

PreSSed between the coverglasses．For nlm samples thickerthan O．3mm，We uSe SPaCer

glassessurroundingthepolymernlm．Thepolymerspecimencoveredbytheglassplatesisset

toDasshowninFig．5．2．　Usingsoftsprings，AandAl（likewiseBandBl）arepushedtothe

SamPleglassfbrattendinggoodthermalcontact．Sismoveddownwardbyaconstantspeed

ranglngO．1－2．Ommnlr．ThemainpartoftheapparatusisenclosedinaplasticcaseVtokeep

from air disturbance，and to suppress oxidation ofthe specimen byflOwlnglnert gaS Or

nitrogengasifnecessary．Thewholeapparatusisputonaquakeprooffl00r．
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Fig．5．2　SideviewofFig．5．1［8］

5．2．2　ApparatusofTSCdevisedbyAsano

AsanopreparedamodinedTSCinstrumenttOinvestlgatetheorderingphenomenaat

the melt－SOlid boundary．Forthis purpose，he performed simultaneous measurements uslng

TSCwitheitherofthefbllowlngObservations：
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Fig．5．3（a）SimultaneousTSC andmicroscopicobservations，（b）simultaneous TSC andX－ray

difh’aCtion，and（C）simultaneous measurements fbr X－ray PSPC or Laser－Raman

SPeCtrOSCOPy．



52

（a）　Microscopicobservation

Figure5．3（a）showsaTSCapparatusforarodspecimenwitha2mmgapbetweenthe

heaterandthecooler，SOaStOmakeitpossibletoobservethegrowthinterfacebypolarization

microscope．ThesymboIsshow；A：heater，B：COOler，C：SamPletube，D：holder，E：heater，F：

thermistor，G：thermOCOuPle，Hl：Waterinlet，H2：WaterOutlet，I：SamPlecarrier，J：lightsource，

K：POlarizer，L；analyzer，M：microscope，N：Camera，0：temPeratureregulator，andP：reCOrder．

The sample capillary has1－2mmin diameter with O．1mm glass thickness．The

POlymer sampleis melted and theninsertedinto the capillary．The observation of the

melt－SOlidsurfaceisexplainedinthelatterhalfofthischapter．

（b）　X－raydiffraction

Figure5．3（b）shows a set up fbr simultaneous measurements ofTSC and X－ray

di釣●aCtionforarod specimen．Here，A，B and C are similarto Fig．5．3（a）．The di脆rent

equlPmentSare；D：Slidingplate，E：丘nelymovlngmicrometer，F：incidentX－rayCOllimator，G：

monochromatorandI：Waterflowtube．Thegapandotherpartsoftheapparatusarethesame

asbefore．Inthiscase，the heaterandcoolercanbe shi氏edup anddownfbrchanglngthe

relativepositionoftheincidentX－ray．Thecentralpartoftheheaterandcoolerisconically

boredsoasnottoobstruCtthedifn－aCtedreflections．Inordertochecktheorderingprocess，lt

isnecessarytousea丘neX－raybeam，COllimatedlessthanlOトL，OnthecrystallizlngSurface．

Wemeasuredin－SituWAXSandSAXSuslnghighintensltybeamatthesynchrotronfacilities

OfPhotonFactoryinTもukubaorSPring8inHarima，Japan．

（C）　X－rayPSPCmeasurement／Laser－Ramanspectroscopy

Figure5．3（C）illustratesatopviewforsimultaneousmeasurementsofTSCwithX－ray

PSPCorLaserRamanSPeCtrOSCOPy．ByrotationofthePSPC，itispossibletoobserveboth

equatorialandmeridionalpronles．Forcountlngtheintensltyfrom20＝5to300，PSPCis

inclinedby150fromthenormalposition．Thisapparatuswasbasicallydesignedtocommonly

useTSCwithX－rayPSPCorLaser－RamanSPeCtrOSCOPy．Byspatialrestriction，themovlng

directionofthespecimenissethorizontally．Apolarizationmicroscopeisa鴎ustedtoselectthe

irradiatlngPOrtionofX－rayOrLaserlightonthespecimen．

5．3　FeaturesoftheSpecimensPreparedbytheTSCMethod

CharacteristicfbaturesofsomesamPles，WhichwereobtainedbyTSC，Willbepresented

here．Figs．5．4（a）and（b）showtheWAXSpattemS（leftside）andmicrographs（rightside）of

Oriented poly（ethylene oxide）and polybutene－I，reSPeCtively．In the micrograph of

POly（ethyleneoxide），the丘brilsarewellorientedalongthegrowthdirection（paralleltothe

temperatureslope）．Intheopticalpictureofpolybutene－I，thespheruliticnucleusappearsinthe

lower－leftside．Normallylntheisothermalcrystallization，aSPherulite develops aroundthe

nucleus．HoweverinTSC，thecrystallizationproceedsontheflatboundaryperpendicularto

thetemperatureslope．Thenthespherulitic丘brilssoondevelopalongthegrowthdirection．
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Fig．5．4　Ⅵ仏ⅩSandopticalpattemSOf（a）Poly（ethyleneoxide），and（b）Polybutene－I．

The growth directionis vertical．In theⅥ仏ⅩS patternS，a Sharp crystalline orientationis

indicated．TheoptlCalmicrographshowswellorientedfibrilstruCtureS．Thescalebarindicates

themagnitudeofthemicrographsl8］．

Figure5．5indicatesthemicrographsofthe orientedpolypropylenepreparedbyTSC．

Thetemperatureoftheheaterandcoolerwas2000Cand200C，reSPeCtively．Thegrowthrate

WaSCOntrOlledbythegearedmotoratO．5mmnlr．AsaresultoftheTSCmethod，thetextures

revealgoodorientationalongthegrowthdirectionshownbythearrow．
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100トL

Growthdirection

Fig．5．5（a）Micrographs oforiented PP（α－Phase），（b）Sporadic nucleation ofβ－Phasein the

α－Phasematrixand（C）thinnerpartoftheβ－Phasel8］．
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Fig．5．6（a）WS and（b）SAXS patternS Of PP prepared by TSC，β－Phase：uniaxial

Orientationofhexagonallattice，α－Phase：doubleorientationofmonocliniclattice．

ThethickarrOWindicatesthegrowthdirectionl8］．

WAXSresultsoftheorientedα－andP－PhaseareassignedinFig．5．6a．Intheα－Phase

texture，therecIPrOCala＊directionisparalleltothegrowthdirection．Themonocliniccrystalis

knowntoproducedoubleorientationwherethebranchedcrystaldevelopsperpendiculartothe

maincrystal．ThebranchingorepltaXialgrowthoftheα－Phasecrystalisdiscussedintheend

Ofthischapter．InthehexagonalP－Phasecrystal，thea－aXisisparalleltothegrowthdirection．
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