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Chapter7．　DebrmationofPolymers

7．1Introduction

Mechanical defbrmation was widely studiedin the polymer morphology．Various

modelswereproposedfbrthemechanismsofsemi－CryStallinesubstancesbydrawlng，rOlling

etc．［1－15］．Peterlinetal．perfbrmedpreciseinvestigationsonthe defbrmationprocessof

POlymers，WhichinvoIve rotation oflamellae，Chaintilt and slip，destruCtion oflamellae

befbre yielding，andformation of a new struCture after yielding．On the deformation

PrOCedures，thereis afundamentalproblemnotyetclearlyexplained，Whetherthe onglnal

lamellae are partly destroyed andimmediatelylnCOrPOratedinto the defbrmedtexture，Or

Whethertheyareoncecompletelymeltedandrecrystallizedintotheorientedtexture．

Thematerialshithertoinvestlgatedwerevariouspolymers，eSPeCiallypolyethylene，ln

theformSOfunorientedbulkmaterial，tWO－dimensional（thin）spherulite，Orientednlm（by

drawingorrolling），blownnlm，Singlecrystal．Intheseinvestigations，therewasnochangein

the crystalline struCture befbre and a氏erthe deformation．However，ifthereis a sample，

Whichnevercrystallizesagalnintothesamecrystallatticea氏erdestruCtion，ltmaybeuseful

toinvestigate the above problem．Theβ－Phase materialofisotactic polypropylene（P－PP）

COnSistentlysatisnestheaboverequlrementbythefbllowlngPrOPerties：

Firstly，WhentheP－CryStal（hexagonallattice）isdestroyedormelted，mOleculesarenot

recrystallizedintotheP－fbrmbuttransfbrmedintotheα－CryStal（monocliniclattice），Which

isthermallystableandhasameltingtemperaturelOOChigherthanthefbrmerOne．Intheα－

CryStal，helicalmolecules areincorporatedinthe right－andleft－handedhelices altemately，

Whereasintheβ－CryStal，allhelicesarethe same［16，17］．Asaresult，thephasetransition

betweenthese crystalsneedsthe rewinding ofhelices andcannottakeplacewithoutlocal

unfbldingormeltingandsubsequentrecrystallization．Whentheβ→αPhasetransitionoccurs

during the defbrmation，Which can be detected easily bythe distinctWAXS pattemS，the

Original　β－CryStalis destroyed by melting or unfblding of the original texture and

recrystallizedintotheα－CryStal．

Secondly，this samplehasunidirectionallamellarorientationasaresultofTSCwith

thelamellarlong axisparalleltothe growth direction（Seein chapter5）．Thisis ofgreat

advantageininterpretlng the X－ray PattemS because of the crystalline orientation．

FurthermOre，With the microbeam X－ray difn－aCtion，a PraCtically slngle crysta1－1ike

di餓●aCtion pattem Can be obtained，Which permits theinvestlgation of the detailed

defbrmationprocess．［18－21］

Inthepolymerresearch，relationbetweenmolecularstruCtureandmacroscopICShape

has practicalimportance．Although the deformational studies were reported by several

authorsl22－29］，therelationisnotyetsystematicallyobserved．Fromthesepointsofview，We

alsostudiedcontractivedefbrmationofseveralpolymers．

Inthischapter，WeShallseparatelypresentdescrlPtlOnSOfcold－rOllingdefbrmationof

the P－PP nlml32］in the section　7．2，and contractive defbrmation of poly（ethylene

terephthalate）（PET）［33］inthesection7．3．
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031　　　030

Fig．7．1（a）WAXSand（b）SAXSpatternSfromanorientedβ－PPcrystallizedbytheTSC

method．Growthdirectionisvertical．IncidentX－raybeamisperpendiculartothe

nlmsu血ce［32］。

7．2　Cold－rOllingofβ－PP

7．2．10rientedβ－PPcrystallizedbyTSC

Theβ－PhasematerialwasproducedbytheTSCmethodl18，19］（Seealsochapter5）．

Figures　7．1a and7．1b represent the WAXS and SAXS pattemS Of the orientedβ－PR

respectively．Thegrowthdirectionisvertical．IndicesintheWAXSpattemarebasedonthe

hexagonallatticebySamuelsetal．（a＝b＝19．08Å，C＝6．49Å）［17］．InFig．7．1a，（300）and

（030）reflectionsareontheinnerringandalso（301）and（031）reflectionsoutside．Asapair

Of（030）reflectionexistsontheequator，theorientedβ－PPcrystalhasana－aXisorientation．It

isknownthattheβ－PPtextureiscomposedoflamellarstacks．TheSAXSpattemOfFig．7．1b

Showsthatthelamellarnormalisperpendiculartothegrowthdirection．Thelong spaclng

measuredbytheSAXSis230Åintheordinarysamplewith250Llmthickness，Whereasitis

280Åinthethick（800Llm）SamPle．
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Fig．7．2（a）A polarization micrograph of an orientedβ－PP sample，（b）micro－beam WAXS

PatternSalongthegrowthdirectionatcorrespondingpositionsinthemicrograph（Growth

directionisvertical），and（C）rotationofβ－PPlamellaewithunitcells alongthegrowth

directionl32］。

AverythinsamplewiththicknessoflO～20トLmWaSPreParedbyTSCfbrmicroscopIC

andmicrobeamX－raydi餓●aCtionobservations．Polarizationmicrograph，aSShowninFig．7．2a，

revealsthe Rbrils alongthe orientationdirectionwithwidthofsevera110トLm Orless and

COntains brightand darklateralstrlPeSWith aperiodofaboutlOOトLm．Aseries ofX－ray

micro－difn－aCtionexperimentswerecarriedoutalongthegrowthdirection．Thediameterof

theincidentX－raylSSPOttedin15トLm．InFig．7．2bareshownthemicro－beamWAXSpattemS

WithincidentX－rayPerPendiculartothe nlm surface．The orientationofthe P－PPcrystal，

analyzedfromFig．7．2b，isillustratedinFig．7．2C．Theresultsdemonstratethatthea－aXisis

Orientedparalleltothegrowthdirectionandthatthec－aXis（molecularaxis）isperpendicular

toitandishelicallyarrangedalongthea－aXis．Itisfoundthatthec－aXisisperpendicularto

the sample nlm atthe dark strlPeS and parallelatthe bright strlPeS and thatthe period

betweenthedark－darkandthebright－brightstrlPeSCOrreSPOndstoa1800rotationofthec－

axis．Therefore，intheβ－PPnlm，thelamellaearehelicallyrotatedalongthelongaxiswitha

Pitchtwicetheperiodofstripes（～200トLm）asshowninFig．7．2C．Fromthepattemofthe

StrlPe，theRbrilsarecooperativelyalignedinthesamephase．Theseconditionsarethesame

asthosefbundinthecaseofPEspherulitel19，20］．
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7．2．2MethodofrollingandconditionsofX－raydifrraction

For convenience of explanation ofthe rolling method，Cartesian coordinates are

dennedinthe sample nlm as shownin Fig．7．3，namely X－aXis perpendicularto the nlm

Surface，Y－aXis paralleltothe nlm surface andperpendiculartothelamellaraxis（growth

direction），andZ－aXisparalleltothelamellaraxis．

Fig．7．3DefinitionofCartesiancoordinatesrelativetoasample

Plateanddefinitionofthethreerollingdirectionsl32］。

Sampleswererolledinthreeways；

（i）A－rOll：rOllplaneparalleltoYZplaneandrolldirectionparalleltoY－aXis，

（ii）B－rOll：rOllplaneparalleltoYZplaneandrolldirectionparalleltoZ－aXis，

（iii）C－rOll：rOllplaneparalleltoXYplaneandrolldirectionparalleltoX－aXis．

The originalthickness ofthe orientedβ－PPnlm was250トLmforthe A－and B－rOll

defbrmation．InthecaseofC－rOllmeasurement，WePreParedathickβ－PPnlm（800トLm）by

TSC．Stripsof250トLminheightwerecutparalleltotheXYplanefromthethicknlm，and

thesestrlPSWereSu切ectedtotheC－rOlldefbrmation．

Itisworthwhiletonotethatrollingchangesthethicknessandlengthofthesample．By

measurlngthesequantitiesateachstageofrolling，thicknessisfbundtovarylnVerSelywith

thechangeinlength．Ifwedenotenlmthicknessbefbreandaftertherollingasd。andd，

respectively，thedraw－ratio（orroll－ratio）isde丘nedbyA＝d。／d．

Alltherollingprocesseswerecarriedoutatroomtemperature．The samplenlmwas

defbrmedbyrepeatedrollinggraduallynarrowlnggaPOftherollerstilltheintended）LWaS

丘nallyattained．X－raybeamwaspassedthroughdifRrentdirectionsofthesamplerolledat

difRrentdrawratios．Basedonthebeamdirectionsthroughthe sample，WedenneWAXS

andSAXSpattems．Forinstance，theX－rayPattemSWiththeincidentX－raybeamparallelto

X－，Y－，andZ－aXeSaredenotedtoX－，Y－，andZ－PattemS，reSPeCtively．
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Fig．7．4　SAXSZ－PatternSOfA－rOlledsamplesatvariousdrawratios；

（a）A＝1．0，（b）A＝1．3，（C）A＝1．9，（d）A＝3．2，（e）A＝5．3［32］。

7．2．3A－rOlldefbrmation

TheX－andY－PattemSOfSAXSmeasurementsobtainedfromtheoriginalsample（A＝

1）areatypicaltwo－POintdiagramasthatobservedinFig．7．1b．IntheX－andY－PattemS，the

two－POlntdiagramdisappearsattheinitialstageofthedefbrmationandnoreflectionmaxima

exceptthe difnlSe SCattenng arOundtheincidentbeam are observedaboveA＝1．9．0nthe

Other hand，the Z－Pattem OfSAXS measurement atA＝1shows a unifbrmrlng，Which

represents unifbrmdistribution oflamellarnormals around the Z－aXis（Fig．7．4a）．The Z－

PattemVarieswithincreaslngl，andtheuniformnng SPlitsintofburseparatepartswhich

thenchangetoafbur－POlntdiagram．InFig．7．4bat九＝1．3，aStrOngSCatterlnglSObserved

aroundtheincidentbeam，andtheintensltydisappearsonthemeridiananddecreasesonthe

equator．Theintensityincreasesatabout450directionfromtheequator．Thespacing（230Å）

Obtainedfromthefbur－POlntmaXimaisstillequaltotheorlglnalone．AtA＝1．9，thefbur－

POlntdiagrambecomessharpandintenseandissuperimposedonanelliptlCalpattem．

TheanglebetweenYaxisandtheintensltymaXimumofthediagonalspotsisdenoted

topA，WhichalsorepresentstheanglebetweenY－aXisandthelamellarnormal，aSShownin

Fig．7．5．Then，PAismeasuredtobe550，WhichislOOlargerthanthatatA＝1．3．Thelong

spacingisreducedto220Å．AboveA＝1．9，thescatteringaroundtheincidentbeamshiftsto

thestreakalongtheequator．AtA＝3．2，thefbur－POlntliesonafairlyflatellipsoid．Thelong

spacingbecomesabout160Å．ThevaluesofthelongspacinglandtheanglepAatdifferentA

areglVeninThble7．1．
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Fig．7．5　DefinitionofqAandOAintheA－rOlldefbrmationl32］．

Table7．1Valuesoflongspacing，l，angles，PAandOA，intheA－rOlll32］

Draw－ratlO，Longspaclng，l

A　　　　（Å）
COS（pA－∂A）

Ratiooflong

SPaClng，l／l。

1．0　　　　　　　230

1．3　　　　　　　230

1．9　　　　　　　220

2．5　　　　　　　190

3．2　　　　　　　160

5．3

5

　

5

　

5

　

5

4

　

5

　

′

0

　

7

5

　

0

　

0

　

5

　

0

4

　

4

　

3

　

2

　

2

0

1

5

3

5

5

0

1．00

1．00　　　　　　1．00

0．97　　　　　　　0．96

0．82　　　　　　　0．83

0．64　　　　　　　0．70

The orientation ofthe crystalline c－aXis was observed by WAXS pattemS．In the

Orlglnalsample，thecrystallinec－aXisisperpendiculartothelamellarsurface，1．e．，Parallelto

thelamellarnormal．The corresponding WAXS Z－Pattem Ofthe orlglnalsample shows a

uniform（030）ring，Whichindicatesthatthec－aXisisrotatedaroundtheZ－aXiscorresponding

tothehelicallytwistingribbon－likelamella．AtA＝1．3，the（030）reflectionalmostdisappears

inthemeridionalandequatorialdirection，WhiletheintensltylnCreaSeSatthe450direction．

Here，theanglebetweenthec－aXisandtherolldirectionisdenotedasOAaSShowninFig．7．5．

Intheinitialstageofdefbrmation，OAChangesingoodagreementwithpA，Whichshowsthat

thec－aXisisrotatedtogetherwiththerotationofthelamellae．Withincreaslngl，OAdecreases

andpAincreasesasshowninThble7．1．Accordingly，thevalueofpA－OA，Whichindicates

theinclinationofthecrystallinec－aXiswiththelamellarnormal，lnCreaSeSWithA．Thevalues

OfpA－OAarealsolistedinThble7．1．

TheWAXSZ－PattematA＝3．2isshowninFig．7．6．TheangleOAmeaSuredfromthe

fourdistinct（030）reflectionsis～250．TherearedifnlSeSCatteringsneartheequatorinside

the（030）reflections，Which seem to originatefromimperfbctα－Phase microcrystallites

reportedbyPeterlinetal．［11］．Thisreflectionisdenotedhereto‘α－Peak’，Whichdoesnot

appearinthepattemOftheorlglnalsample．Theα－Peakarisesduringthedefbrmationandits

intensltylnCreaSeSWithincreaslngA．
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Fig．7．6　WAXSZ－PatternOfA－rOlledsampleatA＝3．2；

therolldirection（Y－aXis）isverticall32］．

Thehighestdraw－ratiol，Obtainedintherangeofunifbrmdeformation，lSaboutRve．

Beyondthis value，microcracks ariseinthe sample，SuggeStlng thatfurtherhomogeneous

defbrmationisnotpossible．ThedifnlSeneSSandthestreakinSAXSpattemSbeyondA＝5

makeitdifnculttomeasurethelongspacing．IntheWAXSpattematA＝5．3，theβ－Phase

reflectionsarestillstrong，Whiletheα－Peakincreasesitsintenslty．

In the SAXS and WAXS measurements ofA－rOlldefbrmation，the Z－Pattem WaS

mainly observed．Thispattem reVealsthe changes ofbothlamellarand chain orientations

mostlylntheXYplane．ItseemsthatthesechangesarecloselyrelatedtothemacroscopIC

ShapeduringtheA－rOlldefbrmation，becausetheorlglnalsamplewascompressedalongX－

directionandelongatedalongY－direction，WithoutdefbrmlngalongtheZ－aXis．Itseemsthat

Plastic defbrmationoflamellarstruCturePrOCeedsinparallelwiththatofthe macroscopIC

Shape．

The SAXSandWAXSpattemsatA＝1．3stronglyindicatethat，atthenrststageof

thedefbrmation，thelamellaearerotatedintheXYplanewithoutanyreductionintheirlong

SPaClngOranytiltofthec－aXis．ThefactthattheintensltyOfSAXS spotsat450direction

increasesattheearlystageofdefbrmationseemstoindicatethe existenceofaquasistable

State Oflamellar orientation．When thelamellae areinclined to450，further rotationis

PreVentedduetomaximumshearlngStreSSat450．Thelamellarrotationbytheinter－lamellar

Slipdefbrmationhaspreviouslybeenreportedinthespherulitedefbrmationl7］．

Withincreaslngl，thediscrepancybetweentheanglepAandOAincreasesasshownin

lもble7．1，Whichindicatesthatthec－aXisistiltedwithinthelamellae．Thisfactsuggeststhat

boththeinterlamellarslipandthechainslipalongthec－aXis（inter－mOlecularslip）takeplace

in the second stage ofthe deformation．When the c－aXisis tilted within thelamellae，

thicknessofthecrystallinelamellaedecreasesdependingoncos（pA－OA）．Thevaluesofcos

（pA－OA）andoftheratiobetweenlong spacingandthe originalone，l／l。，ateaChAarealso
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COmParedinTbble7．1．Theycoincidewitheachotherfairlywell．ThelongspaclngmeaSured

fromtheSAXSpattemrepresentstheaverageperiodofthecrystallineandamorphouslayers．

Normally，thechangeinthelongspaclnglnCludesthechangeinthicknessoftheamorphous

layerotherthanthatofacrystallinelayer．InsplteOfthisfact，thegoodagreementbetween

COS（pA－OA）andl／l。indicatesthatthe changeinthelong spacingismainlyduetotiltof

CryStallinec－aXiswithinthelamellae．

An elliptlCalfbur－POlnt diagram has been previously reported by otherauthorsin

Slightlydrawnlinearpolyethyleneandotherpolymersl8－10］．Thisisduetothefactthatthe

lamellaeparalleltotherollplanearestronglyreducedtheirspaclngbycompression．

Thedi凪ISeSCatterlngarOundtheincidentbeamseemstobeascatterlngfrommicro－

VOidsformedbythe defbrmation．Thesevoids orlglnatebybreaking oflamellae，Whichis

CauSedby movementofinter－lamellarorinter－mOlecularslip．Inthe case ofslipbetween

lamellae，Particularly，thelamellae arepartlybrokenbythetensionoftauttie chains，and

VOidsarefbrmedinthevicinltyWhenthestressisremoved．Thecentralstreak，Observedin

the SAXSZ－PattemaboveA＝1．9，indicatesthatthe voidshaveno anisotropIC Shape．A

CentralstreakwasalsoobservedintheSAXSY－PattemaboveA＝1．9，butcertainlynotinthe

X－Pattem．Accordingly，the shapeofthestreakintherecIPrOCalspaceislongalongtheX－

axIS，WhichindicatesthatvoidsareexpandedintheYZplane．

InanobservationofathinnlmuslngaPOlarizlngmicroscope，aremarkablechange

WaSreCOgnizedattheinitialstageoftheA－rOlldeformation．ThebrightanddarkstrlPeSSeen

intheorlglnalsamplebecomeindistinctandchangetooverallunifbrmbrightnessatA＝1．5．

This seems to coincide with the rotation oflamellae observed　from SAXS and WAXS

measurements，1．e．aSareSultofrotation，thecrystallinec－aXeSatthebrightanddarkstrlPeS

are bothinclined to about450．Thus the polarization micrograph changes to unifbrm

appearancesinceallchainsinclinebythesameangle．

ThemicrobeamWAXSwascarriedoutatpositionsofbrightanddarkstrlPeSWitha
thinnIm A－rOlledtoA＝1．5．The results alsoindicate thatthe chains，Which are oriented

Orlglnallyparallelorperpendiculartothesamplesurface，arerOtatedabout450．Thisagrees

withtheresultsobtainedabove．

Fromtheaboveresults，thedefbrmationmechanismsofA－rOllaresummarized：

（1）Inthenrststageofdefbrmation，rOtationq／lamellaeoccursuntilalmostallthelamellae

areinclinedabout450totherolldirection．Thedeformationisproceededbyinter－lamellar

SlipasobservedatA＝1．3．

（2）Inthe second stage，the defbrmationis developedbyboththeinterlamellarslband

inter－mOlecularslipalongthec－aXisasobservedatA＝1．9．Asaresultofthechainslip，thec－

axisistiltedinthelamellaandthelongspaclngdecreasewithincreaslngA．

（3）Theintensity oftheα－Peakincreases withl，Showing thatthePTPhase cり′Stals are

Partialb，brokenandthenimperfbctα－Phaseisfbrmedduringtheplasticdefbrmation．

（4）TheWAXSreflectionsfromtheβ－PhasecrystalsstillexistevenatA＝5．3．

7．2．4　B－rOlldefbrmation

The SAXSpattemSatSeVeralstagesoftheB－rOlleddefbrmationare showninFig．

7．7．In the Z－PattemS，the orlglnal unifbrmrlng beglnS tO disappearin the meridional

directionatA＝1．3．AtA＝1．9，therlngremainsasarcsspreadingovertherangeabout土450
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fromthe equator．AtA＝3．3，thereflectionseemstolieonanellipsoid．Thelong spaclng

measuredfromtheremainlngequatOrialreflectiondoesnotchangewithA．

Draw－ratio l．0

l′

1．イ

華二・…●∴十

Fig．7．7　SAXSX－（a）－（e），Y－［（f）－O）］，andZ－［（k）－（0）］patternSOfB－rOlledsamplesatvarious

rolled－ratio，（a），（f），（k）A＝1．0；（b），（g），（l）A＝1．3；（C），（h），（m）A＝1．9；（d），（i），（n）A

＝3．3；（e），0），（0）A＝5．8［32］．

Ontheotherhand，intheSAXSY－PattemSgraduallychangetolongitudinalarcsatA

＝1．3andthereaftertoaverydifnlSefbur－POlntdiagramatA＝3．3．Theobservedmaximum

inclinationofthelamellaeis20～300．Theoriginallongspacingof230Åreducesto200Å

atA＝3．3．IntheX－PattemS，thetypICaltwo－POlntdiagramispreservedandthelongspaclng

doesnotchangeuntilA＝3．3．At）し＝5．8，theX－，Y－，andZ－PattemSShownodiffractionmaxima．

ThecentraldifnlSeSCatterlngOrStreakalsoappearsintheSAXSY－andZ－PattemSabove）し

＝1．3，WherethestreaksspreadalongtheX－aXisintherecIPrOCalspace．Thisindicatesthatthe

Shapeofthemicro－VOidisexpandedintheYZplane．

Here，We designatelamellae whosenormalisparalleltotheY－aXisinthe onglnal

SamPleasE－lamella（edge－On－lamella）andthelamellawhosenormalisparalleltotheX－aXis

asF－lamella（flat－lyinglamella）．E－lamellaeandF－lamellaecorrespondtothoseatthecentral

PartOfthebright－anddark－StrlPeinFig．7．2a，reSPeCtively．

Inthe SAXSmeasurement，thereflectionfromtheE－lamellaappearsmainlyonthe

Y－PattemS．TheinclinationsofallthelamellaearewellshownintheZ－PattemS．Considering

thatthecrystallinec－aXisisparalleltothelamellarnormalintheorlglnalsample，1tisknown

thattheWAXS（300）and（030）reflectionsintheY－andX－Pattemarebroughtaboutchiefly

fromtheE－andF－lamellae，reSPeCtively．

The results obtainedfromthe SAXS X－andY－PattemSindicatethatthe E－andF－

lamellae show difRrent behavior during the B－rOll defbrmation：the E－lamella remains

unchangedbothintheinclinationandinthespaclng，WhereastheF－lamellainclines300in

theXZplaneandthespacingdecreasesto200Åat九＝3．3．TheSAXSZ－Pattemindicates

thatthedefbrmationbehavioroftheintermediatelypositionedlamellaeisamixtureofboth

typesofdefbrmationdependingontheirorientation．
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Fig．7．8　WAXS（a）X－Patternand（b）Y－PatternOfB－rOlled sample at九＝3．3；Z－aXisis

Vertical．Theinnerringis（300）or（030），theouteris（301）or（031）．［32］

The WAXS X－and Y－PattemS at九＝3．3are shownin Fig．7．8．In the X－Pattem，

hexagonal symmetry（see Fig．7．1a）ofthe（300）and（030）reflections changes to fbur

maxima；OnePalrare Sharpequatorialarcsandanotherpalrarebroadandweakmeridional

arcs．Theresultindicatesthatthec－aXisistiltedintheXZplane．Formeasurlngdistribution

Ofthec－aXIS，SeVeralWAXSpattemsweretakenvarylngthedirectionoftheincidentbeam

betweenX－andZ－aXis．Theinclinationanglewasthusdetermined50～600at九＝3．3．

0ntheotherhand，theYpattemshowsnoevidenceforthetiltofthec－aXisexcept

the rotation of（300）reflections aroundthe Y－aXis．This rotation ceases after exactly300

rotationisattainedandnofurtherrotationoccursover）し＝3．3．Thedegreeoforientationof

the（300）reflectionat九＝3．3is fbundtobecome sharperincomparisonwiththatofthe

Originalsample（Fig．7．1a）．

InthecaseofB－rOlldefbrmation，COmPreSSionstressisimposedperpendicularlyto

theYZplaneandstrainoccursmainlylntheXZplane．Accordingly，thechainaxesoftheE－

lamellarcrystalsareperpendiculartothestrain，SOthatthe（300）＜1ラ0＞transverseslipis

expectedtobe favored．Thetransverse slipperpendiculartothe rodshapedmoleculeshas

beenreportedbyYoungl21］inthedefbrmationofpolytetrafluoroethylenehexagonallattice．

Because ofthe hexagonalsymmetryofthe crystalline fbrmthere arethree possible（300）

transverseslipsystemsatanangleof600toeachother．Theslipwilltakeplaceinthe（300）

Planewhichexperiencesthehighestshearstress．Asaresultofthetransverseslip，thecrystal

rotatesuntilthisplaneisinclinedby600tothecompressiondirection．Atthisangle，anOther

（300）planeisalsoinclinedat600totheX－aXisandslipthentakesplaceonbothofthese

Planesaltematively．Thistypeofdefbrmationisknownastheduplexslip．Aftertherotation

by600，the（300）peakisconcentratedbyrestrictionoffurtherrotation．
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IntheWAXSX－andY－PattemSat九＝3．3（Fig．7．8），di凪ISereflectionsareobserved

inside the　β－Phase（300）reflections，Which are theα－Peaks as observedin the A－rOll

defbrmation．Theα－PeakappearsduringthedeformationontheequatorofWAXSX－andY－

PattemS anditsintensltylnCreaSe Withincreaslng）し．Itis considered，likein A－rOll，tO

Orlglnatefromimperfbctα－Phasewhosec－aXisisorientedparalleltoZ－aXis．

ObservationsbythepolarizlngmicroscopewerecarriedoutfbrtheB－rOlledthinnlm．

ThespaclngOfthedarkandbrightstrlPeSisfbundtoextendbythedefbrmation，but，unlike

A－rOll，thestrlPeSareVisibleevenat九＝5．0．ThismayberelatedtothedifRrentdefbrmation

mechanismsinthedark（F－lamellae）andbright（E－lamellae）stripes．ThemicrobeamWAXS

measurementindicatedthattheorientationoftheβ－Phasemoleculeisdi脆rentinthe dark

andbrightstrlPeS，Whichisconsistentwiththeresultsobtainedbytheaboveexperiments．

TheresultsoftheB－rOlldefbrmationare summarizedasfbllows：

HIJ才一川／／lんゾ川・J〃〟Jん…八l／招〝川JんJJ〟‘リご－′J…／J・こん〃仙イ／肌・

（2）IntheF－andtheneighboringlamellae（darkstripe），thedeformationdevelopsmainlyby

thechainslbalongthechain direction，reSultinglnthetiltingofc－aXistogetherwiththe

lamellarinclination．

（3）IntheE－andtheneighboringlamellae（brightstripe），thedefbrmationdevelopsbythe

（300）＜1ラ0＞transverseslipwithoutanyinclinationofthec－aXisandthelamellarnormal．As

theconsequenceofthedlq，lexslわ，thedegreeoforientationof（300）reflectionsisincreased

duringthedefbrmation．

（4）In theintermediatelamellae oriented between the E－　and F－directions，the above

mechanismsmayoperatesimultaneouslydependingontheirorientation．

（5）DuringtheB－rOlldefbrmation，theα－PeakincreaseswithA．

Draw－ratio l．0

i f

1g

コ㊥蔓。躊
Fig．7．9　SAXSX－［（a）－（d）］，Y－［（e）－（h）］，andZ－［（i）－（l）］patternSOfC－rOlledsamplesatvarious

rolled－ratios，（a），（e），（i）A＝1．0；（b），（f），O）　A＝1．3；（C），（g），（k）　A＝1．9；

（d），（h），（1）九＝2．8［32］．
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7．2．5　C－rOlldefbrmation

In Fig．7．9，the SAXS pattemS are Shown at several stages ofA during C－rOll

defbrmation．IntheZ－PattemS，theunifbrmnngatA＝1changestoequatorialarcsatA＝1．3

andtoatwo－POlntdiagramatA＝1．9and2．8，Whichindicatesthatthelamellaenormalsare

inclinedfromtheXYplaneexcepttheE－lamellae．TherewasnochangeinthespaclngOfthe

E－lamllaeevenatA＝2．8．0ntheotherhand，intheY－PattemS，thelamellaenormalislargely

inclined with A．The two－POlnt Pattem Ofthe orlglnal samPle changes to the fbur－POlnt

PattematA＝1．3．Boththeangle（pc）ofthelamellaenormalwithrespecttotheX－aXisand

thelongspacing（l）measuredfromtheY－PattemChangewithincreasingAasshowninThble

7．2．Thetwo－POlntdiagramintheX－PattemSdoesnotchangewithA＝1．9butthenthepolntS

extendto arcs along the meridianaldirection atA＝2．8．The streak alongthe Z－aXis are

ObservedintheX－andY－PattemSabove）し＝1．3，Showlngthatthemicro－VOidsareexpanded

intheXYplane．

Thble7．2　Valuesoflongspacing，l，angles，PcandOc，intheC－rOlll32］

Draw－ratio，Longspacing，pc（0）Oc（0）Pc－Oc cos（pc－Oc）Ratiooflong
A l（Å）　　　　　　　　　（0）　　　　　　　　spaclng，l／l。

1．0　　　　　　　280

1．3　　　　　　　250

1．9　　　　　　　240

2．8　　　　　　　220
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0　　　　　　1．00　　　　　　1．00

～25　　　　　～0．97　　　　　　0．89

～30　　　　　～0．87　　　　　　0．86

～35　　　　　～0．82　　　　　　0．79

TheWAXSY－PattematA＝2．8Showsthatthepositionofthehexagonallysituated

（300）reflectionsisunchangedbeforeandafterthedeformation，butthedegreeoforientation

increases with defbrmation．This factindicates that the crystalsin the E－lamellae are

defbrmedbythe（300）＜1ラ0＞transverseslipinthesamemannerasobservedintheB－rOll

defbrmation，andthatthealignmentofthe（300）planeisimprovedbytheduplexslip．Inthis

CaSe，however，theoriginalorientationofthree（300）Slipplanes，Whichareparalleland600to

thecompressiondirection，lSJuStSuitablefbrtheduplexslip．Accordingly，theY－Pattema氏er

defbrmationdoesnotshowanyrotationofthe（300）reflections．

TheWAXSX－PattematA＝2．8showsthatthec－aXisisrotatedintheXZplane．Itis

difnculttomeasurethepreciseinclinationangleforthesamereasonasnotedintheWAXS

X－PattemOftheB－rOlledsample．Thisangle（Oc）isestimatedbythesameprocedureasthat

intheB－rOlldefbrmationandincludedinThble7．2．

The results ofSAXS andWAXS measurements suggestthatthe normalofthe F－

lamellaeiseasilyrotatedintheXZplaneattheearlystageofthedefbrmation，Whereasthec－

axisislargelytiltedintheF－lamellaandthelongspaclnglSreducedbythistiltinthesame

mannerasthatinterpretedintheA－rOlldeformation．IntheX－andY－PattemSatA＝2．8，the

α－Peaksalso appearontheequatorinsidethe（300）reflectionbuttheirintensityisweaker

thanthatobservedintheA－andB－rOlldefbrmation．
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WehavefbllowlngSummariesofthe（1rolldefbrmation：

（1）Inthe early stage，almostallthelamellae excepttheE－lamellae areinclined如the

Chainslわalongthec－aXis．ThelamellarnormalsarerotatedintheXZplane，andthelong

SPaClngdecreasesbythechaintiltwithincreaslngA．

（2）Onthe otherhand，intheErlamellae，deformationdevelopsbythe（300）＜1ラ0＞

transverseslip，andneitherthelamellaenormalnorthec－aXisareinclinedduringthedlq，lex

、／小

（3）BytheplasticdeformationofP－PRα－PeakincreaseswithA．

7．2．6Anisotropiccharacteroflamellardefbrmation

Inthebulkpolymer，SPheruliticstruCtureisoccupiedinthe sample．Ifweconsider

therollingofthebulksample，thespheruliteissu切ectedtodefbrm．AsillustratedinFig．7．10，

ribbon－likelamellaearedevelopedfromthecenterofthespherulite．ThentheA－，B－andC－

rolldefbrmationsare simultaneouslyobservedbythelamellae orientedalongy－，Z－andx－

direction，reSPeCtively．Theanisotropicbehaviorofplasticdefbrmationappearsdependingon

thelamellarorientation．

8－rO皿

ヱ

Fig．7．10Ribbon－likelamellaedevelopedinthespherulite．
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From these results，the probable plastic deformationin the spherulitic sampleis

POSSibletodevelopintheF－lamellaeofC－rOll（丘brilsparalleltox－direction），thenlamellar

rotationinA－rOll（丘brilsparalleltoy－direction），fbllowedbytheinter－mOlecularslipinA－

rollandtransversalduplexslipinB－andC－rOll（Rbrilsparalleltoz－andx－directions）．

7．2．7Effbctofannealingafterdefbrmation

Thesamplesstretchedbytherollingdefbrmationwereannealedundertensionfbr2h

at1200C，Whichisabout300Clowerthanthemeltingtemperatureoftheβ－PPcrystal．The

WAXS X－PattemS Ofthe B－rOlled sample befbre and after the annealing are shownin

Fig．7．11．Boththeintensityandthesharpnessofthereflectionsfromtheβ－Phasecrystaldo

notshowanychange．However，thoseoftheα－PeakstronglylnCreaSebytheannealing，Which

indicatesthattheperfbctionoftheα－Phasecrystallitesisenhancedbytheannealing．These

resultsshowthattheα－Phasecrystallitesareorganizedbyunfoldingorpartialmeltingofthe

β－Phaselamellaeintheprocessoftherolldeformation．

LY LY
Fig．7．11　WAXSX－PatternSOftheB－rOlledsampleat九＝5．8；Z－aXisisvertical，

（a）befbreand（b）afterannealingtreatmentat1200C．［32］

7．2．8　Transfbrmationfrom a－tOC－aXis orientation

Generally speaking，When bulk materialis stretched by drawlng Or rOlling，the

moleculesinthecrystallitearealignedtothestretchingdirectionandnnallyattainedtothec－

axis oriented struCture．Inourcase，the startingmaterialisa－aXis－Oriented P－PP．Here，We

discussthemechanismoftransfbrmationfroma－tO C－aXis orientation．Theproblemto be

SOIvediswhetherblocksoftheorlglnallamellarstruCturearedirectlylnCOrPOratedintothe

newlamellarstruCture，OrWhetherthemoleculesrecrystallizeafterunfbldingormeltingof

theorlglnalstruCture．

Peterlinetal．［10］observedmeridionalreflectionsofSAXSforspecimensof）し＝5in

the case of rolling defbrmation of polyethylene，Which orlglnatefrom a newlamellar

StruCtureCOmPOSedofc－aXis－Orientedmolecules．Fortherollingdeformationofβ－PPinour

CaSe，however，theβ－Phasedidnotshowperfbctc－aXisorientationevenfbr）し＞5．Besides，
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fromtheSAXSpattemS，ltisshownthatthelamellarnormaltendstolieperpendiculartothe

rollingdirectionwithincreaslng）LinsteadoforientlngtOtherollingdirection．Duringtheroll

defbrmation，nOmeridionalreflectioncorrespondingtothenewlamellarstruCturebyPeterlin

etal．isobservedevenfbralarge）し．A氏eranadditionalheavyrolldefbrmation（A－andB－

roll）suchas）し＝7～10，nOSAXSreflectionwasfbundonthemeridian．

Theresultsofβ－PPstronglyindicatethatthereisnoc－aXisorientedβ－PPa氏ertheroll

defbrmation．Accordingly，thedefbrmedstruCtureinourcaseseemstobequltedifRrentfrom

thenewlybuiltlamellarstruCturegenerallyseeninpolyethyleneorinotherpolymers．Onthe

Otherhand，theα－Phasecrystallites，yieldedbylocalunfbldingormeltingofmoleculesofβ－

PhaselamellaeasseenfromWAXSpattemS，Showperfbctc－aXisorientation．

Accordingly，thedeformationinβ－PPmustbefbllowedbythephasetransfbrmation

fromβ－tOα－CryStal．As already refbrredin the’Introduction’（section7．1），thisβ→α

transfbrmationimplies thattheβ－Phase must once be destroyed by unfblding ormelting，

OWlngtOthedi脆renceofmolecularconfbrmationbetweenthesetwocrystals．
Withtheaboveconsiderations，ltisconcludedthat，lnthecaseofrolldefbrmationof

β－PPatroomtemperature，thetrandbrmationjioma－tOC－aXisorientationtakesplacenot

J〟J・…甘〟山・川〃JJ．ぐ〃〃・イJ〟‘・＝・項血／ん川J‘イ／肌・んJ仙仙′l・人目川l／んJl・川7，川・〟J毎でんJ仙J〟rJJ川

ん〃仙イ／仙∴JM＝〟J・〃叶で〟〃Jけ〃ん〟〃．ぐ・明・〃小骨毎・可J〟‘・＝・項血日日・J〃nr′〃H／、JJわ、‘WJr〃＝・‘・－

l・Jγ、J〟／／Jこ′JJん川．

7．3　ContractiveDeRIrmationofDrawnPET

7．3．1Experimentalsetup

Figure7．12showsaschematicdiagramoftheexperimentalapparatusfbrmeasurlng

thecontractivedefbrmation．TwoweightsWlandW2WereCOunterbalances，uSedtomeasure

thecontractivedefbrmationunderunloadingcondition．ThesamplewasnxedwithW2anda

ClamP．Thethermallycontrolledsiliconoilbathwasmechanicallyliftedupattherateof30

cm／sec．Whenthesiliconoilbathwaslifted，thesamplewasimmersedinitwithinO．1sec．

圏二三・日

Fig．7．12　Aschemefbrmeasuringcontractivedefbrmationl33］．
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By the heatlng，maCrOSCOPIC Shape ofthe sample was changed，Which accompanied the

movementoftheplate．Asaphoto－Celliscoveredbytheplate，themovementwasmeasured

bytherecorder．Preliminarymeasurementsshowedthatinertiaoftheweightsandfrictionof

theapparatusinfluencednegligiblytothecontractivedefbrmation．

7．3．2Sampledrawlng

The quenched PET shows anisotropIC and amorphous state at roomtemperature．

The amorphous nlmistransparentandhardatroomtemperature，Whereasitbecomes soft

aboveitsglasstransitiontemperature（690C）．

TheamorphousPETnlmwasdrawnbythefollowlngtWOWayS：

i）Cold－drawingatroomtemperaturethroughtheneckingstage，Withthedrawingspeedand

thedrawratioofO．1mm／secand4．0，reSPeCtively．

ii）Hot－drawingat800Cinathermallycontrolledwaterbathwiththedrawingspeedandthe

draw－ratioofaboutl．0cm／secand4．0，reSPeCtively．

Byannealingthesample，thedrawnPETwasenhancedthecrystallinlty．Thedrawn

SamPleswerethenannealedinatautstate（withoutshrinkage）attheannealingtemperature

TAfbrlh．ThecontractivedeformationwasmeasuredatheatlngtemPeratureTHWhichwas

usuallyhigherthanTA．ThelengthoftheorientedsamPleis15－20mmbefbrethecontraction．

D　　　　　30　　　　　60　　　　　90　　　　128　　　158　　はe亡】

Fig．7．13　Contraction curveS at TH＝2350C fbr the drawn PET sample，（a）Without

annealingandannealedat（b）700C，（C）1000C，（d）1500Cand（e）2000C．［33］

7．3．3　Contraction ofthecold drawnPET

ThecontractivebehaviorsofPETsamples，drawnatroomtemperatureandannealed

atvarioustemperatures，WeremeaSuredattheheatlngtemPeratureOf2350C．Theobserved

COntraCtion，Whichis normalizedbythelength ofthe sample befbre heatlng，lS Shownin

Fig．7．13asafunctionofheatingtime．Thecontraction（％）isseentovarydependingonTA．
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Thennalvalueofcontraction，Whichislessthan30％，decreaseswithincreaslngTA．

Incaseofthesamplewithoutannealing，raPidcontractionoccurswithin5Secafter

Whichnocontractionisobserved（Fig．7．13a）．Incaseoftheannealedsamplesat700Cand

lOOOC，COntraCtioncurveSareSlowlyapproachedtothemaximumvalue（Figs．7．13bandc）

On the sample annealed at150　0C，SeCOndary slow contraction appears after quick

COntraCtion（Fig．7．13d）．Thequickcontractiondisappearsandonlytheslowoneisobserved

Whenthesampleisannealedat2000C（Fig．7．13e）：Asthequickcontractiondecreaseswith

TA，itdependsontheamountofamorphousmolecules．

7．3．4　Contraction ofthehotdrawnPET

ContractivebehaviorsofthePETsamplesdrawnat800CweremeasuredatTH＝100

0C．InFig．7．14a，negativecontraction（elongation）appearsafterthequickcontraction．Inthe

CaSeOfTH＝2000C，Withalowquickcontraction，thennallengthisextendedinFig．7．14b．

ConsideringtheefRctofthecounter－balance，thehot－drawnPETisdefbrmedbyaspecial

（selflelongation）mechanism．

⊂0ntrqEtiolr

Fig．7．14ContractioncurveOfPETdrawnat800C；THis（a）1000Cand（b）2000C．［33］

7．3．5X－raydifrractionmeasurementsduringthecontraction
WAXS and SAXS measurements of the samPles were carried out during the

COntraCtion．Forthecold－drawnsampleannealedat1500C，X－rayPattemSareObtainedinthe

PrOCeSSOfthecontractivedeformationat2350C．Then，thecontractionisstoppedatthestage

Shown by arrowsin Fig．7．15．The results show thatthe crystalline orientationis rarely

Changed a氏erthe quick contraction（Fig．7．15C）andthe secondary slow contraction（Fig．

7．15e）．Thetypica14－POint SAXS pattemS ShowthattheinclinedlayerstruCture develops

duringthequickandslowcontraction．Thelong spaclngObtainedfromthe SAXSpattemS

changesfromlO5Å（Fig．7．15b）to119Å（Fig．7．15d）and124Å（Fig．7．15f）．During the

COntraCtion，theinclinedlayer and crystalline orientation are preserved．　Then，the

mechanismofquickcontractionisduetorelaxlngOfamorphousmolecules，Whichenhances

todeveloplayersduringtheslowcontraction．
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Fig．7．15　WAXSandSAXSpatternSOfthecold－drawnPETannealedat1500C．

Thecontractionwasperfbrmedat2350CandX－raymeaSurementSWeredone

atthearrowedpositions：a），b）：befbrecontraction，C），d）：afterthequickshrinkage，

ande），f）：aftertheslowshrinkage．［33］

Fig．7．16　　WAXSandSAXSpatternSOfthehot－drawnPETat800C．

Thecontractionwasperfbrmedat1500CandX－raymeaSurementSWeredone

atthearrowedpositions：a），b）：befbrecontraction，C），d）：afterthequickshrinkage，

ande），f）：aftertheslowelongation．［33］
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WAXSpattemSOfhot－drawnPETat800Cindicatethat，duringthequickcontraction，

theamorphousorientationdisappears（Fig．7．16C）．Thenreorientationandcrystallizationarise

afterthenegativecontraction（Fig．7．16e）．Thedi凪ISeCryStallinearcsinFig．7．16eindicate

thatthecrystallinemoleculesarehighlylnClinedinthelayer．Duringthequickcontraction，

SAXS pattem has nointense peak（Fig．7．16d）．The2－POint SAXS pattem（Fig．7．16f）

indicatesthattheflatlayerisfbrmedbythenegativecontraction．Fromtheresults，flatlayer

WithinclinedmoleculesenhancestheselflelongationinthemacroscopICShape．

Inordertocomparetheorlglnalorientation，WAXSpattemSaremeaSuredintheas－

drawn samples．The cold－drawn samPle（Fig．1．17a）has a strongintensity peaks on the

equatorshowlngthatmoleculesarehighlyorientedalongthedraw－direction．Ontheother

hand，thehot－drawnsampleshowsnearlylSOtrOPicdifnlSerlng．Formeasurlngtheintenslty

distribution，reflection angles20土20wasintegrated as afunction ofthe azimuthalangle

（Fig．7．17b）．TheintensitydistributionofFig．7．18hasasharppeakinthecold－drawnPET：

Whereasbroadoneinthehot－drawnsample．

†＝二言虹

義昭嘉
・磁遍許

（a）ColddrawnPET （b）HotdrawnPET

Fig．7．17WAXSpatternsoftheas－drawnPET
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Fig．7．18　Intensitydistributionoftheas－drawnPET
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7．3．6　Relationbetween contractivedefbrmationandinternalstructure

FromtheabovemeasurementsonPETatdi脆rentannealingandheatlngCOnditions，

thecontractionisdistlnguishedintotwopattemS：

（i）The quick contraction appears at theinitial stage of the defbrmation：The quick

COntraCtionisde丘nedhereA－tyPe．

（ii）The secondary and slow deformationis fbllowed，Whichisfurther separated to the

POSitiveandnegativecontraction：Theslowcontractionorelongationisde丘nedB－tyPe．

（iii）Normally，thecontractionpattemSShowmixtureoftheabovetwotypes：C－tyPe．

Inanorientedmaterial，likerubber，thefreeenergybecomeshigherduetothelow

COnfbrmationalentropy ofthe oriented molecules．Consequently，A－tyPeis caused bythe

rubber－like contractionofthe orientedamorphousmolecules．Inthe case ofpolymers，the

rubber－like contractionisrestrictedbydevelopmentofthe crystalline substances，Whichis

Shown by the fact thatthe nnalvalue ofthe contractionisless than30％and that the

COntraCtiondecreaseswithannealingtreatment．Inannealedsamples，however，A－tyPe Still

OCCurSaSfarastheorientedamorphoussubstanceremainsinit．

TheexperimentalresultssuggestthatB－tyPeiscloselyrelatedtothedevelopmentof

thecrystallinelayerstruCture．ThepossiblemodeloftheB－tyPedeformation，Whichisbased

OntheresultsofX－raydifn－aCtionmeasurements，lSPrOPOSedinFig．7．19．

Refore Deforrnation After DefDrmal■On CロntraCtlVe Curv巳

」「

J了一一‾‾‾‾

「＼＼＼、ニ－

fT

玉＝

Fig．7．19　Possiblemodels ofthecontractivedefbrmations．Boldlinesrepresentthecrystalline

molecules［33］
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InFig．7．19，thecontractivecurveSarefurtherclassinedintoseveraltypes：

1．A－りPe：Thequickcontractionobservedintheinitialstage ofthe defbrmation，Whichis

decreasedwithTA．A－tyPeSeemStOOCCurbytherapidtransformationoforientedamorphous

COnfbrmationintounorientedone．Thistypeisthesamemechanismasknownbytherubber

elasticityl30，31］．During A－tyPe，amOrPhous molecules are relaxedin orientation．Inthe

COld－drawnPET：A－tyPeisaccompaniedbytheorientedcrystallizationathighTH．

2．Bl－りPe：Theslowcontractionappearedcontinuouslya氏erA－tyPe．B1－tyPeaPPearSinthe

COld－drawn samPle，Whichis caused by oriented crystallizationinto aninclinedlayer

StruCtureWithhighlyorientedmolecules（representedbythe4－POintstruCture；SeeChapter4）．

Duringthelayerformation，disorderedconformation，SuChas entanglementandfolding，lS

removedbytheregularcrystalandconcentratedintheamorphouslayer．ByheatlngatTH，

SeCOndarycontractionoccursbyfurtherrelaxationoforientedamorphousconfbrmation．

3．B2－りPe：The slowcontractionappeareda氏eralagtimeinthe cold－drawnsample．The

differencebetweenB1－andB2－tyPeistheappearanceofthetimelag；SuggeStlngthatB2－tyPe

isrequiredbyrearrangement（recrystallization）ofthelayerstruCturebymeltingthinlayers．

Duringtherearrangement，maCrOSCOPICCOntraCtionappearsbythesamereasonofB1－tyPe．

4．B3－Ope：Theslowelongationappearedinthehot－drawnsample．Flatlayerswithinclined

molecules（representedbythe2－POintstruCture；SeeChapter4）aredevelopedduringB3－tyPe．

Origlnal degree oforientationislowin the hot－drawn sample．Consequently，SeCOndary

COntraCtion，SuCh as B1－and B2－tyPe，lS nOt required duringthelayerfbrmation．Onthe

COntrary，theflatlayerswillbefbundationofthemacroscopICStruCture，Whichenhancesself－

elong加ion．

5．Cl－りPe：MixtureofA－andB1－tyPe．（Rubber－likecontraction＋Inclinedlayerfbrmation）

6．G一りPe：MixtureofA－andB2－tyPe．（Rubber－likecontraction＋Rearrangementoflayers）

7．G－りPe：MixtureofA－andB3－tyPe．（Rubber－likecontraction＋Flatlayerfbrmation）

MacroscopICCOntraCtionmayarisewhenmaterialflowoccursfromthelengthtothe

Width，andmacroscopICelongationmaytakeplacewhenmaterialflOwoccursintheopposite

direction．Inthecolddrawnsample，highlyorientedamorphousshowstheleadingroleofthe

COntraCtion．Inthesecondarystep，relaxationofamorphouslayerisbroughtaboutcontraction

ObservedinB1－and B2－tyPe．OntheotherhandinB3－tyPe，materialflowsinthedirectionof

extensionbytheformationofflatlayers．
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