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Chapter8．　EpitaxialGrowthinPolymers

8．1Introduction

Epitaxialcrystallizationhasitsorlglninparticularinteractionsbetweeninterfacesof

difRrentpolymers．Inotherwords，during epltaXialgrowth asurface ofone polymerwill

afRctto the a鴎acent surface ofanother polymer with spatial relations．When the base－

POlymerishighlyoriented，theepltaXialpolymerrevealsaunlqueOrientation．HeteroepltaXy

is awel1－knownphenomenonofsurface－inducedpolymercrystallizationbetween difRrent

POlymersl1－8］．Homoepitaxy（self－ePitaxy）isthecrystallizationbetweenthesamepolymer．

Theα－Phase polypropylene（α－PP）has a cross－hatchedtexturel9］．Inthe orientedα－Pn

PerPendicularcrystalisfbrmedbytheselflepitaxyl5］（SeealsoChapter5，PP67）．

As anexample ofthe epltaXialcrystallization，We refbrtoablendofpolyoctenamer

（TOR）andα－PPl10，11］．ATEMmicrographofTORepitaxyonthehighlyorientedα－PPis

illustratedinFigure8．1（a）．Across－hatchedsurfaceofTORlamellaeareinclinedwiththe
directionofPPmoleculesi．e．withthedirectionofthearrow．Aschematicmodelofalayer

StruCtureisshowninFig．8．1（b）．Asabasetexture，theorientedα－PPhasastackedlamellar

arrangementwithanaltematingsequenceofcrystallineregionandamorphousparts．（Inthe

VerythinPPnlm，theaboveselflepitaxyisnotobserved．）TheTORlamellae，Whichlooklike

thinRbrilsinFig．8．1a，areinclined（average400）fromthePPmoleculardirection．Asaresult

OftheepltaXialcrystallization，fracturestressoftheblendnlmisincreased．Themorphology

OfPPcanbereinfbrcedbystiffTORlamellaethatcanbridgetheamorphousPPlayersl11］．

Fig．8．1（a）TEMmicrographofPP／TORblends（Thearrowindicatesthemoleculardirectionof

PP）．仲）AschematicsketchofalayerstruCtureaftertheepitaxialcrystallization．［11］

Muchattentionispaidfortheblendofpolypropyleneandpolyethylene（PP／PE）nlm．

On the ntting surface，ZlgZag Chains ofPE with two－fbld symmetry and the helical PP

moleculesareepltaXiallycrystallized，inwhichthezlgZagChainsareinclined土500tothePP
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Chaindirection．ThiskindoforientationalrelationshipwasexplainedintermSOftheparallel

alignmentofthezigzagchainsalongmethylgrouprowsinthe（010）latticeplaneofα－PP

WithaO．5nmintermOlecularchaindistancefbrchain－rOWmatChingshowninFig．8．2．The

efRctofthematchingiswidelyobservedintheseveralpairsincludingPP／TORl3－11］．

＼

Fig．8．2　SchematicillustrationofepitaxialcontactbetweenPPandPE（OrTOR）

Theblackpartsonα－PPindicatetheprotrudingCH3grOuPS．

Most epltaXial phenomena were observed by TEM or electron di餓●aCtion uslng

monolayer systemsl3－8］．The ordinalnlm usedin TEMisin the orderofO．1トLm．The

COntaCtPlanewithPPandPEwas slngle，andthe resultantcrystalwaslaterallydeveloped

alongtheinterfacialsurface．InordertoexaminethebulkefRct，multilayeredPP／PEnlms

Were eXamined by X－ray di餓●aCtion．Itis possible to analyze crystallization along the

thickness（perpendiculartothecontactplane）．Theinsituprocesswasalsoobservedduring

theepitaxialdevelopmentl12］．

8．2　Preparationandcharacterizationofepitaxialsamples

Uniaxially orientedthin nlms ofHDPE（Highdensitypolyethylene）andα－PPwere

PreParedbythefbllowingmethodl13］：AsmallamOuntOfaO．5wt％－SOlutionofthepolymer

（HDPEorPP）inxylenewaspouredandunifbrmlyspreadonapreheatedglassplate，Where

thesoIventwasallowedtoevaporate．AfterevaporatlngthesoIvent，theremainlngPOlymer

nlmwaspickedupbyamotordrivencylinderwithadrawlngSPeedof20cm／S．Thehighly

OrientedPPorHDPEnlm，about30～50nmthick，WereStaCkedaltematelyfbrabout5000

layersandsu切ectedtoapressureof5Paat1200C（belowthemeltingtemperaturesofPP

andHDPE），improvingthecontactofthenlms．Theresultingspecimen，WiththicknessO．2to

O．25mm，WaSuSedfbrtheX－raymeaSurementS．

StruCturalmeasurementswereperhrmedbyWAXSandSAXSuslnganimaglngPlate

（IP）．Inordertodiscussaspecincorientationofthecrystallizedtextures，WAXSandSAXS

PattemSWere detectedinthree directions．Wedennehere Cartesiancoordinates（Fig．8．3），

Wherex－aXisisperpendiculartothenlmsurface，y－aXisisperpendiculartothedrawdirection，

and z－aXisis parallelto the draw direction．Considering the beamdirections，the X－ray
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PattemSarenamedasfollows：

1．“Through”pattem：theincidentX－rayParalleltothex－aXis．

2．“Edge”pattem：theincidentX－rayParalleltothey－aXis．

3．“End”pattem：theincidentX－rayParalleltothez－aXis．

InordertoperfbrmPartialheatlnglntheisothermalcondition，Wetriedtoheatsamples

uslngaDSC．Tbavoidshrinkageduringtheheatlng，theorlglnalsamplewaswoundonathin

aluminumplate（3．5mmx3．5mm）madeofthecoverplateoftheDSCpan．Thesamplewas

heatedatlOC／minwithoutshrinkageuptotheannealingtemperature1400C（lowerthanthe

meltingtemperatureofiPnandhigherthanthatofHDPE）andwasmaintainedfbr20min．

Then，thesamplewascooledintheDSCby2．50C／mintoasettingtemperature（forexamPle，

800C：lowerthanthecrystallizingtemperatureofPE）．MostoftheX－raymeaSurementSWere

Performedatroomtemperature．

Moreover，thein situ WAXS and SAXS measurements were performed uslng

SynChrotron radiation．For preventlng Shrinkage during heatlng，the oriented sample was

Sandwichedbetweentwometalplates，WhichhaveaholefbrpasslngtheX－raybeam．

（可

仲）

Fig．8．3　（a）WAXSpatternand（b）molecularandlamellarorientationof
PP／HDPEfilmbefbreheating．［12］

8．3　X－raydiffractionstudies

8．3．l StructureoftheorientedPP／ⅠIDPEfilm

WAXSandSAXSmeasurementsoftheonglnalsamplebeforeheatlngWereCarriedout

at roomtemperature．In Fig．8．3（a），hkO reflections ofboth PPand PE are aligned onthe

equator，indicatlngthatc－aXeS are Orientedalongthe drawdirection．Fromthese results，a

SChematicpictureoftheoriginalsampleisillustratedinFig．8．3（b）．

In Fig．8．3（a），the PP（110）and（220）reflections appear near the meridian．These
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reflectionsindicatetheexistenceofthea＊－0rientationofα－PhasePPcrystalduetotheselfl

epitaxyl5，9］，COnSideredtobeasecondarycrystallizationofPPontothec－aXisorientedα－PP．

Asaresultofthea＊－Orientation，thec－aXisbecomesperpendiculartothedraw－direction・

Fromtheseresults，WeCOnSiderbothepltaXialgrowthsofPEontothec－aXisanda＊－aXis

orientedα－PP．

TheSAXSpattemOftheonglnalsampleindicatesthatthelamellarnormalsofPPand

PEareparalleltothez－aXis．ThethicknessofthePElamellaeisdetectedas27nm，WhilePP

ShowsadispersedlamellarstruCture（average16nm）thinnerthanPE．

8．3．2　hsitu SAXSandWAXSmeasurements

Allpattemsinthismeasurementwere”through”pattem，becausetheincidentX－ray

beamwasperpendiculartothesamplenlm．Thenlmwasheatedto1500Cwithoutshrinkage．

After holding this temperatureforlO mln，the X－ray WAXS and SAXS pattemS Were

Simultaneouslymeasuredfor5min（Figs．8．4（a）and（d））．Then，thesampleswerecooledby2

0C／minto800C．Simultaneousmeasurementswereperfbrmedonthecoolingprocessfrom

121tolllOC，andfrom90to800C．

Z taI

SAXS

柳 佃

Fig．8．4　ThroughpatternSbyinsitumeasurementsofWAXSat（a）1500Cand

（b），（C）duringcooling；SAXS at（d）1500Cand（e），（f）duringcooling．［12］

Fig．8．4（a）and（d）correspondtotheWAXSandSAXSreflectionsfromtheorientedα－

PhasewithoutanyPEreflections．ByheatlngtO1500C，thePPlamellaearegrownto21nm

lFig．8．4（d）］．ReflectionsfromthePEcrystalappearduringcoolingfrom121tolllOC．The

SAXSpattemindicatesthatPElamellae are developedatanangle of540fromthez－aXis

lFigs．8．4（e）and（f）］．InFigs．8．4（b）and（C），theWAXSPEreflections（110，200andO20）are

SPreadonbroadarcs．AsthePEreflectionsappearinFigs．8．4（C）andmaintaininFig．8．4（d），

CryStallizationofPEmainlydevelopsduringthe coolingprocesstolllOC．
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Fig．8．5　WAXS（a，b andc）and SAXS（d，e andf）patternsbythree diffbrentincident

directions．Thesamplewas annealedat1400CintheDSC，andthencooledto

roomtemperatureby2．50C／min．［12］

8．3．3Threedimensionalanalysis

For precise analysIS Of the PP／HDPE sample，itis necessary to execute three－

dimensional observations．The orlglnal sample was heated without shrinkage to1400C

（abovethemeltingtemperatureofHDPE）inDSC．Thenitwascooledtoroomtemperature

forWAXSandSAXSmeasurements．

TheresultsareshowninFig．8．5．IntheWAXS”through”pattemlFig．8．5（a）］，PEllO，

200，andO20reflectionsspreadonarcsshowlngrandomorientationinthethroughdirection．

PEO20islocatedonthemeridianinFig．8．5（b）．The”end”patteminFig．8．5（C）hasoriented

llO，200，andO20reflections．

Summarizlngtheseresults，thea－aXisofPEisorientedparalleltothex－aXIS，andtheb－

axisis distributed along the yz－Plane．Onthe SAXS”edge”and”end”pattemS，a StrOng

Streakappearsalongthex－aXis．Thisstreakstronglyindicatesexistenceofemptyvoidsonthe

interfaceofPPandPE．Theshapeofthevoidisflatintheyz－Planewithsizeof～10nm．

NewreflectionsappearonthemeridianoftheSAXS”edge”pattemlbarsinFig．8．5（e）］．

ThenewPElamellaearedeveloped30nm，Whoselamellarnormalparalleltothez－aXis．The

COrreSPOndingreflectionalsoappearsontheSAXS”through”pattemlFig．8．5（d）］．Thefbur－

POintpattem，aPPearedduringinsitumeasurementslFigs．8．4（e）and（f）］，becomesdifnlSein

Fig．8．5（d）bythecoolingto roomtemperature．

8．4　Mechanismofepitaxialcrystallizationinthebulksample

Ontheinterfacialplane，（hkO）planesofPPcrystalarefacingtoPE．Aftermeltingthe

PE molecules，POSSible epitaxy starts onthe PP（hkO）planes．Considering the crystalline
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PaCkingoftheα－PR（100）planehasmixedright－andleft－tumhelices，While（010），（110）

Planeshavemoleculeswiththesametum．ThesurfaceofthePPcrystalhasregularrowsof

methylgroupsinthe（010）and（110）planesl5，7］．These rows willcause molecule－rOW

matchingatthePP－PEinterfaceasshowninFig．8．2．

Angles ofpossible rows withthe z－aXis andthe pitchwidth are determinedbythe

CryStalline struCture Ofα－PP．The results are summarizedinlもble8．1．Consideringthe PE

CryStallineplanes，ePitaxyonα－PP（010）plane（angle500，WidthO．505nm：Epl）isthebest

丘ttingwithaPE（010）plane（widthO．496nm）．TheadditionalPEepitaxyonthePP（110）

Plane（angle570，WidthO．54nm：Ep2）isalsopossible．

OurexperimentalresultindicatesthatPEmoleculesareinclined by540fromthez－

axis．ItispossibletoexplainthatthePEwillbegrownbymixtureoftheabovetwoepltaXies

（Epl＋Ep2）withthec－aXisorientedPProws．InthecaseofPEepitaxywiththea＊－Oriented

PntheinclinationangleofPEwillchangeby900，reSulting400（Epl）and330（Ep2）withthe

Z－aXis．Thentheaveragedanglemustapproachto450．TheexperimentalresultconnrmSthat

PEmoleculesaremainlygrownbytheepltaXyWiththec－aXisorientedPP．

Table8．1PossibleepltaXialrowsontheα－PPplanes

PPcrystalplane Angleofrows（0）　Widthofrows（nm）

When the PE epltaXy develops along theinterfacial plane，the bc－Plane becomes

Parallel to the yz－Plane．Then，the a－aXisis oriented along the x－aXIS，aS reVealedin

Figs．8．5（b）and（C）．TheresultshowsthesamephenomenonobservedbyTEM．
However，in the multilayered n1m，the PE（020）reflectionin Figs．8．4（b），（C）and

Fig．8．5（a）indicatesabroadarcshowingrandomorientationoftheb－aXis．Thismechanism

SeemStO OCCurbyanadditionalprocessduetothebulkefRct．Startlngfromthe epltaXial

nucleation，thePEcrystaldevelopsnotonlyalongtheyzplanebutalsoparalleltothex－aXis．

Thisphenomenoniscalledtranscrystallization．ThebroadarcintheWAXSthroughpattem

SuggeStSthatthedirectionofthecrystallineaxesisdisturbedbythetranscrystallization．

Considering the transcrystallization of PE，the most probable caseis parallel

arrangementofPEandPnwhichisconsistenttotheresultsinFigs．8．5（d）and（e）（barsand

arrows）．InthebulksamPle，thenewlamellaearedevelopedperpendiculartotheinterfacial

Planebythetranscrystallization．Thepresentresultsaresummarizedasfbllows：
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