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Chapter9．　MicrohardnessofPolymers

9．1Introduction

MicroindentationinvoIvesdefbrmationofatestmaterialonaverysmallarearanglng

（10‾1～10‾2mm）2，andprovidesinfbrmationaboutmicromechanicalpropertiessuchashardness，

elastic modulus，CreeP COmPliance etcl1］．This technique was usedin the study of

microhardness ofmetalsandceramicsforseveraldecadesandwasprovedtobesensitiveto

thechemicalcompositionandmicroscopicstruCtureOfthematerialsl2，3］．Applicationofthis

techniquetopolymers wasrelativelynewwith developmentofthepolymerscience．During

thelast two decades，microindentation test appeared as a valuable tool to present

morphology－PrOPertyrelationship ofpolymersl4－9］．Thistechnique basicallycorrelatesto

the anisotropy of hardness with the molecular orientation of polymers．Thus，the

microhardnesstestincombinationwiththe X－raydiffractiontechniqueis extremelyuseful

formorphologicalstudiesincludingcrystallizationofpolymersl1，4，6］．

Basedontheabovefact，microhardnessmeasurementswereperfbrmedintheoriented

CryStallizationofPPandPET［7，9］．Thischapteraimstopresentdetailsofthemicrohardness

measurementsincludingtheindentationgeometry，andthe results are discussedwiththose

ObtainedbytheX－raydi餓●aCtionaspresentedinchapters4and5．

Indenter

（a） （b）

Fig．9．1（a）Sideviewoftheindenter（b）Surface－Viewoftheorientedfilm

9．2Indentationgeometry

Microhardness experiments are carried out at room temperature uslng a Leica

Microsystemsindentation equlPment．As anindenter，a Vickers square－based diamond

Pyramid，Withthetopangleof1360，isused．Theindenterpenetratesthesurfaceofasample

uponthe application ofaglVenload at constant rate．Figure9．1aillustrates a side view，

representlngthe contactgeometryoftheindentation．The sample surface aspolntedbyM

remainsflat at a zeroload．The position Mis defbrmed to O uponloading due to a

COmPreSSivepressure．Onunloading，thedefbrmationisyieldedbyanelasticrecoveryfrom
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OtoN．Then，aPattemOftheplasticdefbrmationisobservedbytheultimatearrangement

andorganizationofthemolecules．AsshowninFig．9．1b，WemeaSurethevalueofdiagonal

lengthdoftheindentationpattem（imprint）onthesamplesurface．

Microhardnessvalues，H，areCalculatedbythefbllowlngequation；

／／AP．／∴

WherePistheloadapplied，disthemeasureddiagonalofthe residualimprlntandkisa

geometricconstant．Avalueofk＝1．854isusedwhenPisinNanddinmmtoglVeHin

MPa．Inthepreliminarytests，theP／ぱratiowasobservedtobeconstantfbrdifferentloads
［1，4］．

Dependingonthesamplecategory，Whetheritisamorphousorcrystalline，lSOtrOPICOr

Oriented，the surface view oftheimprlntWillhave difRrent shapes．Theimpnnt ofthe

Oriented sample usuallyreveals alozenge shape as shownin Fig．9．1b．We measure both

diagonallengths，dLanddII，PerPendicularandparalleltotheorienteddirection，reSPeCtively．

Thenthehardnessvalues，HiandHII，areCalculatedbyEq．（9．1）．Inthepolymernlm，Hi

isrelatedtotheplasticdefbrmationmodeofthelamellarstacks．Ontheotherhand，HIIis

COnCemedbytheinstantelasticrecoveryofthematerial［5］．Inthedrawnnlm，HIIislarger

than HiafterreleaslngOftheload．

Theindentationanisotropy，AH，isdennedl1，16］as；

』打＝1－（卑し／玖Ⅰ）＝1－（砿／軋）2

TheanisotropylSaPPearedbythe orientationofthemolecularaxIS，glVlng riseto a

largerelasticrecoveryofthematerialinthechaindirection．IthasbeenshownthatAHisa

Suitableparameterfbrmeasuringtheprefbrredchainaxisorientationl1，16］．Indeed，alinear

emplrical correlation has been fbund between AH and the optlCalbirefringence An fbr

idection－mOuldedorientedpolyethylenel16］．

Inaddition，thehardnessofapolymericmaterialiswelldescribedbyaparallelmodel

OfaltematlngamOrPhousandcrystallinereglOnS．Usingthehardnessvalues筏andHcofthe

bothphases［16］，

ガ＝月。吼＋ガ。（1－q），

Whereα。isthevolumedegreeofcrystallinity（SeeEq（4．5））．

Moreover，H。isrelatedtothecrystallinelamellarthickness，L。，through

／／＝／／ハl　／ノ／／し

whereH。COisthehardnessofaninfinitelythickcrystall16］．Thevaluebisaparameterdefined

aS：

∂＝2qノ』2，

Where q，being the surfacefree energy ofthe crystals and Ah being the energy fbr plastic

defbrmationofthecrystallinelamellae．
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9．3　ComparativestudiesofPPbymicrohardnessandX－ray

Inchapter5，WehaveexplainedthedetailsaboutthePPtexturesbyTSC．Wehaveseen

thatPPiscrystallizedintotheα（monoclinic）andtheβ（hexagonal）fbrmS．Inordertodetect

themechanicalpropertiesofthetwocrystals，theorientedαandβtextureswereusedfbrthe

microhardnessmeasurementl7］．AsseeninFig．5．5b（chapter5，PP54），theαandβcrystals

Showadistinctseparationbythetransitionlineonthesamenlm．

InthepreliminarylnVeStlgation，densitiesofthebothcrystalsaremeasuredto；

pa＝0・913g／cm3fortheα－Phasetexture，and

pβ＝0．903g／cm3fbrtheβ－Phase．

Wetakethevalues pg＝0．940g／cm3，PS＝0．939g／cm3andp。＝0．850g／cm3，aStheαandβ

CryStallinedensitiesandtheamorphousdensity，reSPeCtivelyl10］．FollowedbyEq．（4．5），α。

iscalculatedasα：＝0．721andαf＝0．619fbrtheα－andβ－Phases，reSPeCtively．

Microhardnesswasmeasuredonthebothphasesatroomtemperature．TheHvaluewas

derivedaccordingtoEq．（9．1）bythediagonallengthsmeasuredfromtheresidualindentation．

LoadsofO．5andlNwereemployedtoeliminatetheinstantelasticcontribution．Aloading

CyCleofO．1minwasused．Astheregionbetweentheα－andβ－Phasesonthesamplesurface

is very sharp，indentations across the transition reglOn COuld not be made．AboutlOO

indentationsweremadeonthesurfaceofbothphasestocharacterizethevaluesofHlandHP・

TheaccuracyofH fbreachphaseisbelievedtoliewithin1％．

The results collectedin Tbble9．1showthatthe HdecreasesfromlllMPat090MPa

WhenpassingfromtheαtOβ－Phasetexture．Thishardness decreaseispartiallyconnected

Withthedensltyreductionand，COnSequently，Withthecrystallinltydecrease．WhiletheAH
Value oftheα－Phaseislow（3％），itincreases to20％inthe P－Phase．This di脆renceis

associatedwithariseinthenumberoftiemoleculesconnectlngbetterorientedcrystalsinthe

β－phase．

InFig．5．6b（chapter5，PP55），theSAXSpattemOftheorientedP－Phaseshowstypica1

2－POintpattem．ThepreciselayerstruCturehasbeenexplainedinFig．7．2（chapter7，PP99）．

TheresultsconnrmSthatP－lamellaearewellorientedalongthegrowthdirection．Onthe

Otherhand，the SAXSpattemoftheα－Phase shows4－POlntPattem．The existence ofthe

CrOSS－hatchedlamellaeintheα－Phase（chapter5，PP55andpp67－68）isthepartofthereason

OfthelowAH．InThble9．1，theresultsofHandAHvaluesindicateclearseparationoftheα－

toβ－PhaseofPP．

AccordingtoEq（9．3），WeCanWriteforthebothphases：

併＝方言αご＋（1－αご）筏

が＝ガ≡α雲＋（1－α雲）筏

Avalueof銭こ30MPafbramorphousphaseofisotacticPPatroomtemperaturehas

been reportedl12］．Using the above equations，Values ofthe crystalline hardness are

calculatedtoH：＝143MPaandHS＝119MPafbrtheα－andβ－CryStallinephases，reSPeCtively．
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In conclusion，microhardnessis shown to be a technique capable of detectlng

POlymorphic changesin polymers．The results ofmicrohardness connrmS that additive

contributionoftheindependentphasecomponentsH：，HSand筏．

Table9．1Microhardness，indentationanisotropy，CryStallinity

andcrystalhardnessfbrtheαandβ－PPbyTSC．

Sample H（MPa）　　AH　　　　α。　　Hc（MPa）

α－phase l11　　　　3　　　　0．721　　143

β－phase　　　90　　　　19　　　　0．619　　　119

9．4　ComparativestudiesofPETbymicrohardnessandX－ray

The methods ofpreparlng PETsample andthe details ofits crystallizationprocess

Studied by X－ray difn－aCtion have been presentedin chapter4（pp30－31）［9］．A brief

descrlPtlOnOfthesampleisthattheamorphousPETwasdrawnatroomtemperature，andthe

drawnsamplewasthenannealedinthetemperaturerangeof㌫＝50－2500Cwithannealing

time ta＝10，102，103andlO4s fbr microhardness studies・The procedure fbr measurlng

microhardnessofthesampleissimilartothatofPPasdescribedabove．Theexampleofthe

indentation pattemSis shownin Fig．9．2．Due to molecular orientation bythe mechanical

drawlng，theindentation pattem Ofthe PET sample has anisotropIC diagonallengths as

illustratedinFig．9．1（b）and9．2（b）．

（b）

Fig．9．2IndentationpatternSOf（a）isotropicPETand（b）orientedPETl17］

In Fig・9・3，the Hlland H⊥Values are compared as afunction ofthe annealing

temperature withdifRrentannealingtimes．Thehardness valueforthe cold－drawn sample

befbreannealing（n＝200C）appearsatH■■＝125MPaandH⊥＝75MPa・AtTa＞700C，both

Valuesincreasewith developmentofthetricliniccrystal・TheHllValuesarehigherthanthe
H⊥Valuesfbralltheseriesoftheannealedtimes（ta＝10，102，103andlO4S）．
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0　　　50　　】0口　150　　200　　250

T。ドCI

Fig・9・3　Hlland H⊥aS afunction ofthe annealing temperature for diffbrent

annealingtimes：∇‥ta＝10S；◇：ta＝102S；A：ta＝103S；○：ta＝104S；▼：

COld－drawnsamplewithoutannealing．［9］

Figure9．4illustratesthevariationoftheindentationanisotropy（△H）fbrtheseriesof

PETsamplesasafunctionoftheannealingtemperature（㌫）atdifRrentannealingtimeta．

Frominvestigationsofotherorientedpolymersamplesl14－16］，△Hisknowntocorrelateto

thelongitudinalelasticmodulus．Atthelowannealingtemperatures（荒く700C），△Hshows

～40％，Whichis an extremely high anisotropy value comparedto otherpolymer samples．

Above700C，Closetotheglasstransition（It）ofPET：△Hrapidlydecreasestolessthan20％・

In our struCturalinvestlgationin chapter4，the changein△His closely related to the

developmentofthetricliniclamellae．

40　　80　120　】60　　200　　24El

T．【OCI

Fig．9．4　△H as a　function of the annealing temperature fbr diffbrent

annealingtimes．SymboIsaresameasinFig．9．3．［9］
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TherapiddecreaseofAHfbr㌫＞700Cisconnectedwiththeconcurrentdecreasein

the elastic properties ofthelayer struCture．In chapter4，development ofthelayers are

StudiedbythecolddrawnPET．Itwasshownthatafterachangefromnematic（200C）to

SmeCtic（600C），theprecursorstateappearsat700CandthetriclinicstruCturedevelopsabove

800Cl9］．Duringthetricliniccrystallization，SAXSindicatesthetypica14－POintpattemby

inclinedlayers（Fig．4．6，PP36）．

TheAHdecreasecouldberelatedtothedevelopmentofthelamellarstruCtureStartlng

at700C．In the amorphouslayers，thelocalmolecular orientation willbe relaxed by the

development ofthelayer struCture．As a result ofthe concentration ofthe unoriented

molecules，theelasticrecoverylnthechaindirectionwilldecreaseintheamorphouslayers．

Theobserveddecreasein△Hiscloselyrelatedtotherelaxationofthemolecularorientation

intheamorphouslayers．

In the cold－drawn PET：the crystallinltyα。COntinuouslylnCreaSeS With差．The

Observedα。andH⊥Values arelistedinThble9．1．For荒く1000C，H⊥increasesbythe

densincation ofsmectic domains・TheHiincrease with㌫≧1000c cOuld be explained

developmentofthetricliniccrystal．

AccordingtoEq（9．3），thehardnessincreaseswithα。．However，Hcisknowntovary

WithLcaccordingtoEq（9．4）．Then，Eq（9．3）isrewrittenas：

ガ⊥＝［（ガ。）⊥－（筏）⊥］q＋（筏）⊥

The process ofthe calculationby Eq．（9．8）is shownbythe dottedlinein Fig．9．5．Ifwe

approximatethe（R）⊥Valuetothehardnessofthecolddrawnsamplelα。＝0，（H≡1ass）⊥＝

75MPa］，thenthe（鴫）⊥becomes325MPafbrallsamplesannealedatTa≧1400C（ac≧0．35）．

上。→∞（360NPa）

上。→∞（325NPa）

上。＝91Å（293N『a）

上。＝70Å（283N『a）

上。＝52Å（264N『a）

上。＝44Å（250N『a）

上。＝35Å（235N『a）

上。＝28Å（210N『a）

上。＝20Å（196N『a）

0．0　　0．2　　0，4　　0．6　　0．g　　1．0

Fig・9・5　H⊥Variationwithα。fbrthesamplesannealedduringlO4S・The

straightlinesfbllowedby Eq（9．11）with（Ha）⊥＝140MPa．［9］
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However，ln the previousindentation experiments，PET microRbrils，a Very high

degree ofcrystallinity（αC～1）and nearly extended chains（Lc→CX］），give anH⊥Value of

360MPal16］．Thus，theobtainedvalueof（H？）⊥～325MPaseemsratherlow．Moreover，

（ft）⊥ValuesmustbechangedwithincreasingLc．

Fromtheseconsiderations，thehardnessoftheamorphousconstrainedreglOnSWithin

the crystals should be higherthan that ofa completely amorphous oriented sample．We

SuPPOSethehigher（筏）⊥Valueof140MPa，Whichisthehardnessofthesampleannealedat

Ta＝1000C（α。＝0・22）・Assumingavalueof（筏）⊥＝140MPa，itispossibletodrawafamily

OfstraightlinesinFig・9・5・Then，theextrapolationatac＝1givesthecrystalhardness（Hc）⊥

fbr each Lc value．Following Eq．（9．4），b values are calculated by each Lc value using

（H？）⊥＝360MPa．Thebvaluesare almostconstantduringincreasingα。．Theresultsof

（ガ。）⊥andbaresummarizedinThble9・1・

Table9．1．1amellarspaclngLandmicrohardnessH⊥OfthecolddrawnPET

annealedattemperature㌫（ta＝104S）［9］．

差（。C）　L（Å）　ac Lc（Å）H⊥（MPa）（Hc）⊥（MPa）b（Å）

55　　　　0．22　　　14　　　140

62　　　0．28　　　20　　　157

70　　　0．35　　　28　　　165

77　　　0．41　　　35　　　180

82　　　0．48　　　44　　　192

88　　　0．55　　　52　　　　208

106　　　0．63　　　70　　　　231

126　　　0．72　　　91　　　250
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Tbcon丘rmtheultimatevalue（H？）⊥，WePlotl／（Hc）⊥ValuesinFig．9．6．Accordingto

Eq（9・4），aPOltofl／（Hc）⊥Valuesversusl／Lcvalues willntinto astraightline（ifbis

COnStant）ofslopeb／（Hc）⊥andordinateinterceptl／（Hc）⊥・Figure9・6illustratesthevariation

Ofl／（ガ。）⊥fbrsamples annealedat㌫≧1800C（ac＝0・5）・Inthe derivationofthe（Hc）⊥

Values，aValue of（fL）⊥＝140MPawasused．The datainFig9．6鎖ttoastraightline．The

intercept gives（H？）⊥＝358MPa，Whichisin excellent agreement with H⊥Ofhighly

CryStalline chain－eXtendedPETmicroRbrils（＝360MPa）［16］・Lower（筏）⊥Valueswould

yieldhigherinterceptsandhence，Smaller（H？）⊥Values．

The above analysIS SuggeStS thatthe hardness value fbrthe amorphous constrained

regions（（筏）⊥～140MPa）ishigherthanthatofthestartingorientedamorphousmaterial・The

factisalsoexplainedinthe struCturalanalysISinchapter4．As showninFigs．4．10，4．11，

4．13，themoleculesintheamorphouslayerarehighlyorientedinthecold－drawnPET．The

difRrence of the hardness between the glassy amorphous state（75MPa）and triclinic

amOrPhouslayer（140MPa）isoriginatedfromthemolecularorientation．

川‘・〃Jん・川〟〟nhハ、nT，‘リ・ん肌・J机．小・‘リ〟りJJけJ・J川lんmJ′川l〟〃．ぐ・イ／，・小J肌リ・J…′リ，〟・′／・甘r

The cooperation with struCtural and mechanical observation has been made by other

POlymersinourlaboratory．Theexamplesoftheworksarelistedintherefbrencesl18－28］．

Refbrences

l．　F．J．Balta Callda and S．Fakirov，inlMc7t）ha7th7eSS QlPob）merS”，Cambridge

UniversltyPress，2000．

2．　D．Thbor，in”I77eha7th7eSSq了ル免tals”，OxfbrdC．Press，1951．

3．　H．0’Neill，inlBa7th7eSSMbasu7ementQfu4etalsandAllqys”，Chapman＆Hall，1967．

4．　F．J．BaltaCallda，AdvPob）m．Sci．66，117，（1985）．

5．　Y．Deslandes，E．AIva Rosa，F．Brisse and T．Meneghini，J A4dter Sci．，26，2769，

（1991）．

6．　F．J．BaltaCallda，nmdsPob）m．Sci．，2，419（1994）．

7．　F．J．BaltaCallda，J．MartinezSalazarandT．Asano，JMdterSci．Lett．，7，165（1988）．

8．　F．J．BaltaCalldaandS．Fakirov，乃endsPob）m．Sci．，5，246（1997）．

9．　T．Asano，F．J．Balta Callda，A．Flores，M．Thnigaki，M．F．Mina，C．Sawatari，H．

Itagaki，H．ThkahashiandI．Hatta，Pob）mer，40，6475（1999）．

10．GBrandruPandE．H．Immergut，lPob）merHandbook”，2ndEdn．，Wiley，Interscience，

NewYo止（1975）．

11．F．J．BaltaCallda，J．Martinez Salazar，H．CacovicandJLoboda－CacovIC，J A4dter

5七才．，16，739（1981）．

12．J．MartinezSalazar，GM．GraciaTtieroandF．J．BaltaCall a，J MdterSci．23，862

（1988）

13．F．J．BaltaCallda，AdvPob）m．Sci．，66，117（1985）．

14．A．FicheraandR．Zanneti，Mdkromol．Chem．176，1885（1975）．

15．D．R．Rueda，F．J．BaltaCallda，J．GraciaPeAa，I．M．WardandA．Richerdson，JMdter

5七才．19，2615（1984）．

16．M．KrumOVa，S．Fakirov，F．J．BaltaCallda，andM．Evstatiev，JA4dterSci．33，（1998）．



134

17．PrivatecommunicationsfromS．HenningandF．J．BaltaCallda（2006）

18．F．J．BaltaCallda，C．SantaCruZ，C．SawatariandT．Asano，A4dcromolecules，23，5352，

（1990）

19．C．SantaCruZ，F．J．BaltaCallda，H．G．Zachmann，N．Stribeck and T．Asano，J

Poか刑．gc才．，29，819－824（1991）

20．C．SantaCruZ，F．J．BaltaCallda，T．Asano andI．M．Ward，Phil．Mdg．，68，209－

224（1993）

21．F．J．BaltaCallda，C．SantaCruZandT．Asano，J Pob）m．Sci．，31，557－565（1993）

22．F．J．Balta Callda，L．Giri，T．Asano and T．Yoshida，Rqp．Fbc．Sci．Shizuoka

［加V．，28，53－60，（1994）

23．F．J．Balta Callda，L．Giri，T．Asano，T．Mieno，A．Sakurai，M．Ohnuma and C．

Sawatari，JMdter．Sci．，31，5153－5157（1996）

24．T．Yoshida，T．Asano，N．Miyashita，M．Matsu－ura，J．Kitabatake，I．Hatanaka，K．Seri，

F．J．BaltaCalldaandL．Giri，JMdcromol．Sci．Pjv）S．，B36，789－798（1997）

25．T．Asano，F．J．Balta Callda，L．Giri，T．Yoshida，N．Miyashita，M．Matsu－ura，J．

Kitabatake，I．Hatanaka，K．Seri，JMdcromol．Sci．Pjv）S．，B36，799－812（1997）．

26．A．Flores，F．J．BaltaCallda andT．Asano，JAwl．Pjv）S．90，6006－6010，（2001）．

27．M．F．Mina，M．E．Haque，F．J．BaltaCallda，T．Asano，M．M．Alam，JMdcromol．Sci．，

Pαγ娼ぜ句ノ∫．B43，No5，1005－1014（2004）

28．M．F．Mina，F．Ania，F．J．BaltaCalldaandT．Asano，JAwl．Pob）m．Sci．，91，205－210

（2003）


