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ChapterlO．　　PolymerCrystallinity

10．1　Introduction

The concept ofcrystallinlty Ofa polymer was applied by atwo－Phase assumptlOn

COnSistlng eitherofacomplete crystalline orofacomplete amorphous state．By arecent

developmentofthepolymermorphology，thetwo－Phase conceptbecameinconsistentwith

the discovery offblded chains orparacrystalline states，Which belong to theintermediate

Orders．However，aS a reSult ofincreaslng eXPerimental evidence，COn丘dence and

COnVenience ofthe crystallinlty based on the two－Phase modelwere reestablished．The

CryStallinltylSnOWgenerallyacceptedasabasicfactorofpolymermorphology．

Inthepreviouschapter，thecrystallinlty，α。，isderivedfromthedensltymeaSurement．

We de丘ne here the value ofw。，aS aCryStallinlty meaSured by X－ray di餓●aCtion method．

Determination ofw。Ofpolymer materials was widely perhrmed by means ofvarious

methodsl1－7］．Amongthem，theRulandmethodl6］isauniversaloneincludingaconceptof

CryStallinedistortion．Thecrystallinltyisderivedbycomparisonbetweentotalandcrystalline

intensities．ThismethodwasfurtherdevelopedbyV）nkl8］byacomputerprocessing．

Forevaluationofthecrystallinlty，ltisnecessarytoconsiderthatthecrystalcontains

lattice distortions．In case ofpolymers，there aretwo distortions known asthe丘rst－kind

（typeI）andthesecond－kind（typeII）．Whilethetype－Idisorderarisingfromthermalmotion

Withalong－rangeOrder，thetype－IIhasaparacrystallineordersuggestedbyHosemannl9］．

Inthe theory ofcrystallinlty meaSurementS，the disorderfunction ofthe type－Iis usually

employedintheRuland，Vonkandothermodi丘edmethodsl6，8，10－13］．

In the sectionlO．2，We describe the determination of w。and k duringinitial

CryStallization ofPET．Based onthe crystallinltymeaSurementbyGehrke andZachmann

l14］，the ntting method was modined fbr PETl10］．In the sectionlO．3，We discuss

SeParationofthetwodistortionsbythemodinedmethodofV）nkl15，16］．Inthischapter，We

COnSiderfurtherpossibilitylnthecrystallinltymeaSurementbythemodinedmethods．

10．2　CrystallinityandCrystalDistortionofPET

10．2．l PreparationandcharacterizationofPETsamples

ThePETsamplesweresynthesizedfromterephthalicaciddimethylesterandethylene

glycolas describedbyGtlntherandZachmannl17］Withantimonyandcalcium acetate as

Catalysts．Thedegreeofcrystallinltyandtheamountoflatticedistortionwereobtainedfrom

WAXSpattemS．Thetemperaturesandtimesofpolycondensationofthesamplearelistedin

ThblelO．1，WherewedesignatethesamplecontainlngCalciumacetatebyC，thatcontainlng

manganeseacetatebyM，andthesamplewithoutcatalystbyO．Thesynthesizedsamplesare

melt－PreSSedandthenquenchedinice－Water．TheglassyPETiscrystallizedbyannealingat

temperatureTafortasec．
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TablelO．1　　　Descriptionofsamplesinvestigatedl10］

Sample Catalyst

M
 
C
 
O

Manganeseacetate

Calciumacetate

Nocatalyst

Polycondensation

10．2．2　　WAXSmeasurements

Thedegreeofcrystallinlty，W。andthelattice distortionfactorkwere determinedby

evaluationoftheWAXSpronles．ThemeasuredcurveSWereCOrreCtedfbrtheairscatterlng，

thepolarizationfactorandtheabsorptionfactor，andthenmultipliedbys2（S＝2sinO／L）．The

CurveSWere nOrmalizedbyaddingthe atomic scattenng factorforthe coherentscatterlng，

eh（S），andfbrtheComptonscattering，f三。（S），aVeragedoverthedifferentatoms．Thenthe

ComptonscatterlngWaSSubtracted．

WeconsidertwokindsofdisordersillustratedinFig．10．1．ThetypeIdisorderhasa

longrangeorder，WhereasthetypeIIorderappearsrathershortrange．Forthepresentntting

method，WeuSuallyconsiderthetypeIdisordercausedbythermalmotions．

－！l一一　　■こ　　　こ■　　　一言→」－

a　　　ヱa　　　詣　　　qa

（a）First－kind（typeI）disorder

a　　　王a　　　知　　　48

（b）Second－kind（typeII）disorder

Fig．10．10nedimensionaldisorder－mOdelsasafunctionoflatticeconstanta．

Pdisplaystheprobableelectrondensitydistributionaroundtheorigin．
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10．2．3　Backgroundcalculationfbrthefittingmethod

ForevaluationoftheWAXScurve，theRulandmethodl6］hasbeenslightlymodined．

Abackgroundscattenng，Iba。k，CauSedbytheamOrPhousreglOnSandthecrystalimperfbctions

hasbeencalculatedbymeansoftheequation．

S2Iba。k＝W。S2eh（S）（1－e‾ks2）・（1－W。）S2Iam。，，h（S）………・（10・1）

Where．wcisthecrystallinity，Ch（S）istheaveragedatomic．scatteringfactorfbrcoherent

SCatterlng，andkisthedistortionfactorofthenrstorderlattlCedistortionl6，10］．Thenrst

termOfEq．（10．1）isthecontributionfromdifnlSeSCatteringofthedistortedcrystal．DifRrent

valuesfbrw。andk（nm2）wereassumedfbrcalculation．Thesecondtermistheamorphous

SCattering，WhereIam。，Ph（S）ismeasuredfromaquenchedPET・

Wc
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Fig．10．2　NormalizedbackgroundscatterlngCauSedbytheamorphousreglOnSandcrystal

imperfbctionsofPETasaparametersof w。＝0．1～0．5，fbrvaluesofk：（a）k＝

0．01，（b）k＝0．02（nm2）［10］．

FigurelO．2（a）showsIba。kCalculatedinthecaseofk＝0．01，aSSumingatdifRrentw。

Varyingfrom O．1to O．5．FigurelO．2（b）Showsthecorrespondingresultsinthecaseofk＝

0．02．Byincreaseofw。ataCOnStantk，Iba。kisshi氏eddownwards．Ontheotherhand，Iba。k

Shi氏stohigherbyincreaslngk．

InordertoevaluatethemeasuredWAXScurveSOfPETsamples，thecalculatedcurveS

Were丘tted to the measured ones．For this purpose，the observedintensltylS COrreCtly

normalized．Then，the observed curve WaS COmParedtothe calculatedbackground．Itis
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necessarytochoosethebestntreglOninthe specialscattenngreasons．ThesereglOnSare

difRrentbythesubstance，becausethecrystallinescatterlngdistufbsthentting．Inthecaseof

PET：weusethefburintervalss＝1．4to1．6，S＝2．1to2．3，S＝4．Oto4．2ands＝7．4to7．6

nm－1・AsindicatedinFig・10・3，thesenttingreglOnSaremOStSenSitivetomeasurecrystallinlty

OfPET・Then，WcandkweredeterminedwhenIexpandIbackShowthebestnt・
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叫
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Fig・10・3　Comparisonofmeasuredintensity（Iexp），Calculatedbackgroundscattering（Iba。k）

andamorphousscattering（Iam。，Ph）・IexpisobtainedbythesampleMcrystallized

for80secatT。＝1300Cl10］．

TheresultforsampleMcrystallizedat1300Cfor80minisshowninFig．10．3．The

bestntofthebackgroundcurveisobtainedatw。＝0．32andk＝0．022．Consequently，the

amOrPhousintensltylS Obtained byIamorphX O・68・The difference betweenIback and the

amorphousintensltylSattributedtothelatticedistortion．AsseeninFig．10．3，theefRctof

thedistortiondoesnotappearonthenttingregionsatlowers（S＝1．4to1．6，S＝2．1to2．3）．

Accordingly，Wedeterminew。bythebestntofthesereglOnS．

○　　　　　　～　　　　　1　　　　　d Jtnが】　8

Fig．10．4　NormalizedWAXSprofilesofsampleMcrystallizedat1300Cfbr（”）60sec，

（…・）80secand（－）80minl10］．
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10．2．4　Comparisonofweandk

FigurelO．4showstheWAXScurveSOfsampleMcrystallizedat1300C．Thedegreeof

CryStallinlty becomeslarger withincreaslng CryStallization time．The ntting reglOnS are

markedbyarrows・Inthe reglOn S＝1to5nm－1，the scatteredintensltylSloweredwith

increaslngCryStallizationtime，butallcurveSareatthesamelevelinthereglOnS＞6nm．

This result shows that the amount oflattice distortion becomeslarger withincreaslng

CryStallizationtime．

FigurelO．5representstheWAXSpronlesfbrdi脆rentsamPlesallcrystallizedatllO
OC fbr60min．The degrees ofcrystallinltyare nearlythe same fbrallsamples．However，

differencesinthescatteredintensltyatS＞6nm－1areobserved・Thisfactindicatesthatthe

amOuntOflatticedistortionislowinthesampleC，mediuminthesampleMandhighinthe

SampleO．

0　　　　　　　2　　　　　　　4　　　　　　　6　　川√■1　8

Fig．10．5　　　NormalizedWAXSprofilesof（－）sampleO，

（…・）sampleM，and（”）sampleCl10］．

ー
冒
二
言
i
言

D Z　　　　　1　　　　　d　　占師－1l・　自

Fig．10．6　　　NormalizedWAXScurveSOfsampleOfbr60min

at（”）1100C，（…・）1250C，and（－）1500Cl10］．

TheefRctofT。meaSuredbysamPleOisdemonstratedinFig．10．6．Thevalueofw。

increaseswithincreaslngT。・ThescatteredintensltyatS＞6nm－1lSthesmallestfbrT。＝150

0C，WhichindicatestheleastamOuntOfkatthiscrystallizationtemperature．
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The results ofcrystallinity（W。）derivedfromWAXS are summarizedinlもblelO．2．

Withallsamples，kbecomeslargerwithincreaslngCryStallizationtime．AtT。＝110and125

0C，thelowestk value appears fbr sample C andthe highest one fbr sample O．For all

SamPles，kdecreaseswithincreaslngTa．

The change ofk as afunction ofw。is shownin Fig．10．7．In allthe samples，k

becomeslargerwithincreaslngW。uPtOW。＝0．3andthendecrease．InthereglOnOfincreaslng

k，SamPleCshowsthelowestwhilesampleOshowsthehighestvalue．

Thecrystallinityfromthedensity（α。）ismeasuredbyEq．（4．5）ofchapter4．Theboth

CryStallinities，aCandw。，areCOmParedinThble10．2．

TablelO．2　Resultsofthecrystallinityandlatticedistortionbythefittingmethodl10］

Crystallization Crystallinity　　Lattice Crystallinity

Sample Temperature　，．，二“H．＿　（WAXS），　Distortion　（density），

Time w。　　（nm2）　　ac

C
 
C
 
C
 
M
 
M
 
M
 
O
 
O
 
O
 
C
 
M
 
O
 
C
 
M
 
O
 
C
 
M
 
O
 
C
 
M
 
O

10sec O．09

20sec O．22

80min O．33

60sec O．05

80sec O．11

80min O．32

150sec O．04

300sec O．22

80min O．32

60min O．28

60min O．27

60min O．23

60min O．33

60min O．33

60min O．33

60min O．36

60min O．36

60min O．37

300sec O．22

300sec O．26

300sec O．22

0．003　　　　　　0．06

0．016　　　　　　0．22

0．022　　　　　　0．28

0．009　　　　　　0．06

0．016　　　　　　0．13

0．022　　　　　　0．32

0．010　　　　　　0．06

0．022　　　　　　0．19

0．022　　　　　　0．28

0．016　　　　　　0．26

0．018　　　　　　0．24

0．020　　　　　　0．19

0．020　　　　　　0．30

0．025　　　　　　0．29

0．025　　　　　　0．27

0．013　　　　　　0．32

0．013　　　　　　0．32

0．013　　　　　　0．31

0．013　　　　　　0．20

0．016　　　　　　0．21

0．022　　　　　　0．20
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10．2．5　Amountoflattice distortion

At1300C，kincreases withincreaslng CryStallization time．At125andllO OC，k

StrOngly depends onthe catalyst：Showlng the highestvalue fbr samPle O andlowestfbr

SamPleC．Thus，thelatticedistortionkwilldecreasedependingonthecatalist．Fromthese

results，thekisrelatedtothespherulitegrowthduringtheinitialcrystallization．

In the process of crystallization，the molecular packing becomes dense．At

temperaturesnearTg，themolecularmobilitylSlimitedandinsufncienttofbrmPerfbctorders・

Inthe spheruliticgrowth，the crystalincludes disorders withincreaslng distancefromthe

nucleus．

Bytheabove consideration，kincreaseswithcrystallizationtimebythe factthatthe

radiiofthespherulitesbecomelargerwithtime．Thecatalystreduceskbecausethesizeof

thespheruliteisreducedbythenucleation．

At1500C，kis notdepend onthe catalyst，indicatlng that distortionis relaxed by

increaslngmOlecularmovility．

Thus，WehavetwocompetlngCOnClusions：

i）kincreaseswiththedistancefromthenucleus．

ii）kdecreaseswiththeincreasingthermalmotion．

Atlowtemperatures，thenrstefRctisefRctivebecauseofthelimitedthermalmotions．

Athighertemperatures，thesecondprocessoccurssimultaneouslywiththenrstone．

Thenttingmethodisatraditionalwaytomeasurethecrystallinlty．However，the

JiJh′J・‘J‘イ‘′川JんMJん川八／…、J仙′叶l・〟川ハんJgJ〟‘′h′、り加んJgJ・‘甘ん川ノ山・J〟‘′、／，‘′l・f／九・

Substance．In the case of PET，the ntting methodis effbctivein theinitial

CryStallizationhavingloww。Values．

．

■

　

■

．

1

■

1

　

－

　

卜
2n

U
O
．

∩
V

O
．

㌃
∈
三
七 丁

稚
「

⊥
H
T
J 、・外

車
宵

′
　
転
T

．
帆
包
丁
阜

0．］　　　　0止

Wc

Fig．10．7　LatticedistortionfactorkasafunctionofthedegreeofcrystallinityW。：（A）

SamPleC，（○）sampleM，（×）sampleO［10］．
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10．3TheoriticalDevelopmentofCrystallinityMeasurement

10．3．1Methods ofRuland andVonk

AccordingtoRuland，CryStallinltybytheX－raydi餓●aCtionmethodisdennedbythe

followingequationl6］：

Wheresisthereciprocalvector（S＝2sinO／L），I（S）andI。（S）aretotalandcrystallinedi餓●aCtion

intensitiesofthemeasuredangle（froms＝S。tOS＝S，），reSPeCtively．f2isgivenby：

Whereもisascatterlngfactorofanatomofelementl，andNlisanumberoftheatominthe

givenmolecule．D（S）isadisorderfunctionde丘nedby：

Dl（S）＝e‾ks2

D2（S）＝丁禁芸

WhereDl（S）andD2（S）arenrst－andsecond－kinddisorderfunctions，reSPeCtively，andkisa

distortionfactor．（InthesectionlO．3，WediscusskintherangeofÅ2．）

Ifwerepresent：

R（S。）

K（S。）＝

巨

巨ds
巨D（S）ds
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R（S。）＝

then，WeCanWrite：

Forapracticalcalculation，anaPPrOXimationisusedasfbllows：

K（S。）＝1＋0・5ks言

Then，Eq．10．8becomes

R（S。）＝
1＋0・5ks芸

Wc
（10．10）

IfweplottheexperimentalvalueofR（S，）versuss…，WeCandeterminew。andkfromthe

ValuesofR（0）laninterceptoftheordinateofR（sp）］andRl（0）laslopeoftheR（sp）curveat

Sp＝0］・

10．3．2　ModifiedVonk，s method

Inordertocomparethetwotypesofdisorders，thevaluesofK（sp）arecomputedfbr

thebothdisordersbyEqs・（10・4）and（10・5）・WeconsiderheretheapproximationofK（sp）by

usingb（k，Sp）［15，16］：

b（k，S，）＝（K（S，）－1）／ks… （10．11）

WherethevalueofK（sp）arecalculatedfromEq・（10・7）fbrbothdisorders・

FortheanalytlCalcalculations，WeCOnSiderthatP＝Z2ats，＝0，Wherezisatotal

electronnumbersinamolecule．Thus，

K（S。）＝

Z2葺S2ds＿葺S2ds

Z2Js2D（S）dsJs2D（S）ds
O O

（10．12）

Here，WeCOmParetWOdisorderfunctionsshownbyEqs．（10．4）and（10．5）．

ItispossibletocalculatethevalueofKonthelimitsp→0・
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ForthetypeI（nrst－kind）disorder，WeuSeEq．（10．4）．

恕K（sp）＝lim
Sp→0

S2ds－ks4ds

S言

＝∴二、、

3　　5

＝恕ヰ＝1＋0瑚

ForthetypeII（second－kind）disorder，WeuSeEq．（10．5）．

Onthelimitsp→0，

D2（S）＝
2exp（－2ks2）＿　　2

1＋exP（－2ks2）‾1＋exP2ks2

惣D2（S）＝1im
s－1－0 1＋（1＋2ks2）‾＝蒜1＋ks2

（10．13）

＝limT与「＝1－ks2．．．（10．14）

ThislimitofthetypeIIshowsthesimilarresultascalculatedonthetypeI．

Thenatthelimitsp→0，thebvalueapproachestoO・6inthebothdistortions・

10・3・3Calculationofb（k，Sp）

FromEq．（10．11），bischangedbyaparameterofk．Itispossibletocaluculatetheb

valueasafunctionofs，（Å‾1）．Theexampleofs，－b（k，S，）curveSareShowninFig．10．8fbr

PET．ThecurveisshiRedbyaparameterofk，Whilek＝1～5（Å2）［15，16］．
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（a）

（b）

Fig・10・8　　　bvaluesversusspfbrthecaseofPET，Calculatedby

（a）thefirst－kinddisorderand（b）thesecond－kinddisorderl15］．
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InFig．10．9，theexampleofsp－b（k，Sp）curveSareShownfbrPE・

（b）

Fig・10・9　bvaluesversusspfbrthecaseofPE，Calculatedby

（a）thefirst－kinddisorderand（b）thesecond－kinddisorderl15］．
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10．3．4EvaluationbythemodifiedVonk’smethod

rりJI‘・J‘γ〃JんMJh〃可J〟‘・l・り・、J〟／／ん叫・′J…／J〟‘リ′JJJん・日仏JH・Jん′Jり肌・J川・

Theinitialvaluesofw。andkaredeterminedfromtheexperimentalvalueofR（sp）by

thesameprocedureoftheV）nk’smethod．However，WeuSethefbllowlngequation．

R（S。）＝

1＋0・6ks喜

Wc
（10．15）

PlottingtheexperimentalvalueofR（S，）versus s…，Wedrawareasonableparabolicline

throughtheoscillatingR（sp）curve・Then，thevaluesofR（0）（theinterceptoftheordinateof

theparabola）andRl（0）（slopeoftheparabolaatsp＝0）aremeasuredbyextrapolation・The

initialvaluesofw。andkaredeterminedby：

W。＝1／R（0）and k＝W。Rl（0）／0．6 （10．16）

rJり（血・l・り仙硬J・‥‘W・l・〟J〟‘・ムハJ川／JJr・ィ．l・．′J…川

Inthe analysisbyEq．（10．16），itisdifnculttonndthebestvaluesofR（0）andRl（0）

becauseofoscillationoftheR（sp）curvebythecrystallinepeaksintheregionfromsp＝Otosp

＝1．Itispossibletonndoutthebestvaluesofw。andkbynttingtheexperimentalbexvalue

tothetheoreticalbvalue．ThenttingmethodenablestousetheoverallexperimentalcurvetO

determinethebestvaluesofw。andk．

ThenttinglSPerhrmedbythefbllowlngPrOCedure：

1）　　Theinitialvaluesofw。andkaredeterminedbyEqs（10．15）and（10．16）．

2）　Thevalueofbex（sp）iscalculatedfromR（sp）byputtingintheinitialvalues

tothefbllowlngequation．

b。Ⅹ（sp）＝

W。R（S。）－1

（10．17）

3）　　Plottingthebexonthetheoreticalb（FigslO．80rlO．9）．

4）　　Thebestntofbextothetheoreticalbcanbefbundbyshiftingthevalues

Ofw。arOundtheinitialvalues．

10．3．5Examplesoftheevaluation

ThenttingprocedureshavebeenexaminedfbrtheWAXSdata．TheexamPlesof

thebestntanalyzedbyPETandPEaredisplayedinFigs．10．10andlO．11．InFig．10．10，the

resultobtainedfromPETshowsthatthecrystallinedisordershouldhaveacharacteristicof

thenrstkind（typeI）．Ontheotherhand，inthecasesofPE，thebest丘ttinginFig．10．11

0ccurSinthesecondkinddisorder（typeII）．
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0．5　　　1月　　　　1．5　　　　コLD

Fig．10．10　EvaluationofbexfromWAXSmeasurementofPETl15］．

（○）Bestfitoftheevaluationshowsw。＝0．36，k＝2．5（Å2）．

Thebestfitappearsinthefirst－kinddisorder．
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ロ．5　　　　1．ロ

Fig．10．11　EvaluationofbexfromWAXSmeasurementofPEl15］．

（○）Bestfitoftheevaluationshowsw。＝0．43，k＝1．3（Å2）．

Thebestfitappearsinthesecond－kinddisorder．
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10．3．6Discussion

IntheVonk’smethod，W。andkaredeterminedfromtheextrapolationofR（sp）at

Sp＝0・However，ltisdifncultto丘xthebestextrapolation，becauseoftheoscillationofthe

R（sp）intherangesp＜1・Smallshiftoftheextrapolationmakeslargedifferenceinw。andk・

川‘リ肌・、ぐ〃りかれで〃山油川／八一肌／川J叫㌣・…、〃J日ソ叩，／・再JJgJ〟ぐ－t・〟・′ん・nT，‘リ・ん肌WJ〟／

CurVetOdeterminew。andk．Theextrapolatedvaluecanbecorrectedbychooslngthebestnt

Oftheb。XValue．

Moreover，thenewjittingmethodenablesustosq，aratethedisorders．Itispossible

toestimatethetypeofdisordersbythemodinedV）nk’smethod．Incaseofmixturesofthe

two，ltmaybepossibletoestimatetheratiooftwodisorders．However，thinkingaboutthe

basic approximation ofthe two－Phase system（amorphous and crystal），PreCise separation

becomeslowslgnincanceinthepolymercrystallinlty．
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