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ABSTRACT

Cracktip fieldsin ternarypolymerblendsof PC/ABSareinvestigatednumericallyto addresstheeffectof vari-
ousmicrostructuralfeaturesonthefractureinitiation toughness.Underglobalsmall-scaleyieldingconditions,
two-dimensional(2D) planestrainfinite elementanalysesarecarriedout for thecracktip region featuringa
processzonein which theblendmicrostructureis explicitly represented.Theconstitutivemodelaccountsfor
large visco-plasticstrains,the intrinsic softening-rehardeningbehavior of glassypolymersaswell asplastic
dilatationin theABS phasedueto rubberparticlecavitation. Attentionis focusedontheinfluenceof theblend
compositionandmorphologyon thecompetitionbetweencrazingandshearyielding in thePCmatrix. A set
of indicatorsis usedto classifyvariousblendswith respectto their tendency to enhancetoughness.
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INTRODUCTION

Althoughamorphousthermoplastics,suchaspolycarbonate(PC),areableto undergo largeinelasticdeforma-
tionsunder, for example,compression,they show a strongnotchsensitivity. Thereasonis theconcentration
of hydrostaticstressaheadof cracktips or notcheswhich may initiate brittle failure by ‘crazing’. Blending
thesematerialswith smallrubberparticlesis awell-establishedrouteto increasetheir fracturetoughness.The
key mechanismfor tougheningis understoodto berubberparticlecavitation,which delayscrazingdueto the
relief in hydrostaticstressandpromotesplasticflow (‘shearyielding’) in thematrix, henceincreasesenergy
absorbtion[1].
Theclassof ‘ternary’ blendslikePC/ABSis muchlesswell understood.In thesematerials,ABS (acrytonitril-
butadiene-styrene)is itself ablendof SAN (styrene-acrytonitril,anotherthermoplastic)andrubber(butadiene)
particles.A tougheningeffect is againattributedto rubberparticlecavitation in theABS phaseandenhance-
mentof shearyielding in the PC matrix [2,3]. However, the situationis complicatedby several additional
parameters(ABS composition,blendmorphology)andadditionalmechanisms(multiple crazingin ABS, in-
terfacedebonding).For example,thereseemsto beno clearconsensusyet how thefrequentlyreported‘syn-



ergistic effect’ of a maximumtoughnessof theblendat anABS contentof around20 - 30 % dependson the
ABS microstructure(e.g.rubbercontent),andexperimentalfindingssometimesarecontradictory[3]. Equally
unclear� is the influenceof the blendmorphology(particulatevs orientedABS layers). The purposeof the
presentnumericalinvestigationis to gainsomebasicinsightinto therole theseparametersplay in theprocess
of toughening.
Earlier theoreticalwork hasmainly focusedeitheron cracktip fields (e.g. evolution of plasticzone)in ho-
mogeneousmaterial[4,5] or on cell studiesof blends(with rubberparticlestreatedasvoids) underuniform
macroscopicload [6,7]. The latter type of modelingclearly revealedtheenhancedplasticflow in blendsby
shearbandingbetweenthemodifierparticlesaswell asa reductionof hydrostaticstress.ChenandMai [8] in-
vestigateda3D modelof a rubberparticleinteractingwith acracktip in PCdescribedasastandardvonMises
material.Thepresentwork is afirst stepto studythecharacteristicbehavior of (ternary)polymerblendsunder
loadingconditionsprevailing at cracktips. Sinceno failure mechanismis accountedfor, we areconcerned
only with thesituationprior to crackadvanceandimplicationson thefractureinitiation toughness.We do so
in a2D planestrainmodelof acracktip in PCsurroundedby severalABS particlesandstudythespreadingof
theplasticzone(e.g.by shearbandingbetweeninteractingparticles),thestressdistributionandthedissipated
work. Thesecharacteristicsarediscussedin relationto the tougheningeffect of the blendcompositionand
morphology.

PROBLEM FORMULATION

Sincethe inelasticprocessesto be investigatedare localizedat the tip of a pre-crackor notch small-scale
yielding is assumedandonly the

�
-field dominatedregion is modeled(Fig. 1a).ModeI loadingis imposedin

termsof therespectivedisplacementsasfar-field boundaryconditions(cf. [4,5]). A closerlook at thecracktip
(which thenappearsblunted)revealsthemicrostructureof theblendasa two-phasematerialwith aPCmatrix
andABS particles(Fig. 1a). At this level, i.e. in the so-called‘processzone’,both phasesaredescribedas
homogeneousmaterialsby constitutiveequationsgivenin thenext section.TheevenfinerABS microstructure
of smallrubberparticlesin aSAN matrix is only consideredin ahomogenizedsense.
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Figure 1: a)Cracktip modelingin ternarypolymerblend.b) Finiteelementdiscretizationof cracktip region
andexampleof processzone(innermesh).



Quasistaticloadingof the crack tip region takesplaceat a prescribedconstantrate
����

. Detailson the in-
cremental� solutionproceduremaybe found in [4]. The finite elementmeshesusedin a numberof analyses
to bepresentedaredepictedin Fig. 1b, wheretheprocessregion mesh(Fig. 1b, right) shows oneof several
investigatedcases.Exploiting thesymmetryof themodel,only half of theproblemhasto bediscretized.

CONSTITUTIVE EQUATIONS

Thedeformationbehaviour of glassypolymerslike PCor SAN is describedby thesameelasticvisco-plastic
constitutivemodelusedin [4]. It employsastandardadditivedecompositionof therateof deformationtensor
into its elasticandplasticparts: � 	
�������� . Sincetheelasticstrainsremainsmall they aregovernedby

Hooke’s law which in rateform canbewritten as ����	
��� ���� where
�� is theJaumannrateof theCauchy

stress� , and � is thestandardfourth orderisotropicelasticitytensor.

Matrix behavior
Rate-dependentyieldingof thematrixmaterialis specifiedthroughthevisco-plasticconstitutiveequations
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basedon theequivalentplasticshearstrainrate
�� � beingdeterminedby theequivalentdriving shearstress

�
,

with
��E) and 4 materialparameters,and

6
the absolutetemperature.Softeningof thematerialuponyield is

accountedfor by theyield resistance5 evolving with plasticstrain,while rehardeningdueto stretchingof the
molecularnetwork is describedby thebackstresstensorF incorporatedin thepurelydeviatoricdriving stress
tensor ��  	 �HGI2 F (see[4] for details).

Homogenized ABS behavior
Oncetherubberparticlesin theABS phasehave cavitatedthey aremechanicallyequivalentto voidsbecause
of the low modulusof the rubber. Theoverall behavior of ABS canthenbeapproximatedby thatof porous
SAN. Theelasticitytensornow is expressedin termsof effective (e.g. Mori-Tanaka)elasticconstants�KJMLON
whereL is theporosity[9]. To allow for yieldingof theporousmaterialunderdeviatoricandhydrostaticstress
statestheequivalentdriving stress

�
in (1) is takento berelatedto thedeviatoricdriving stress��  andthemean

stressPRQ via thephenomenologicalmacroscopicyield functionSUT 8� ��  % ��  UVELXW) P �Q 2ZY J[8 2 LON �,\ JML ) N@] � 	_^a` (2)

Here, V and W are‘pressuresensitivity’ parametersto be fitted from cell calculationsfor porousSAN and L )
is the initial porosity(rubbercontentin ABS). With 8 2 L beingthevolumefractionof thematrix material,J[8 2 LON �,\ JML ) N canbe regardedasthe equivalentdriving stressof theporousmaterialwherethe factor

\ JbL ) N
accountsfor initially localizedyielding in theintervoid ligamentdiscussedin [9]. For example,theequivalent
driving stressinitially, i.e. for LU	cL ) , is J@8 2 � L ) N � , if

\ JML ) Nd	eJ@8H � L ) N � � is chosenfor the2D caseof
cylindrical voids. In this case,thefactor 8 2 � L ) is approximatelytherelativewidth of theligamentbetween
voidswhereplasticflow is localizedat theonsetof macroscopicyield.
Thefunction

S
servesto determinethedriving stress

�
(from

S 	f^ ) aswell astheplasticstrainratevia the
normalityrule � � 	Zgih S!j h �� . Themultiplier g is computedfrom theconditionthattheplasticwork rateper
unit volumein theporousmaterialequalsthedissipationin thematrix: �� % � � 	kJ[8 2 LON � �l� �� � .
CRAZE INITIATION

Crazingin thePCmatrix canberegardedasa precursorof brittle failureof theblendmaterial.Besidecraze
growth andfinal breakdown, the initiation phaseis probablythe leastwell understoodpart of this process



[10]. Sincecrazeformation startswith microvoiding, the hydrostaticstresscertainly plays a crucial role,
and attainmentof a critical value of PRQ can serve as a simplestinitiation criterion [7]. Other criteria, as
discussedm by Estevez et al. [5], also incorporateshearstressdue to the needfor someplasticdeformation.
For example,the criterion of Sternstein(see[5]) can, underplanestrain conditions,be cast into the formn�o>T ��� 2qp$) jsr PRQK 4 ) 	Z^ where4 ) and p$) arematerialparameters.No reliabledatafor crazeinitiation in
PCareavailableyet. So,to comparevariousblendswith regardto their tendency to matrix crazingwesimply
tracethepeakvaluesof PRQ and

n�o
attainedin thePCphasein thecourseof a loadingprocess.Theexperimen-

tal observationthathighly stretchedmaterialis lessproneto craze[10] is accountedfor by recordingPXtvuMwQ andn tvuMwo
only in materialundergoneamaximumstretchof lessthan2.

RESULTS

All resultsto be presentedhave beenobtainedat a constantloadingrateof
���� 	e8yx{z>| � }�~ +�� � � . Typical

valuesfor thematerialparametersof PCandSAN aretakenfrom [6]. Fromcell studiesfor porousSAN (not
reportedherefor brevity) the pressuresensitivity parametersin the yield function (2) have beendetermined
to be V�	e8�`�^ and W 	�^9`�� . Basedon the casestudyin [5] the valuesfor the parametersenteringthe craze
initiation criterionarechosento be 4 ) 	�^*`�� 5 ) and p&) 	 r 5 �) where 5 )!� 8l^�^ MPais theinitial yield strength
of PC.A dimensionlessappliedstressintensityfactor �� u �C� is definedby dividing

���
by 5 ) � ����� � where

����� � is
thecracktip radius,and ���� ����� denotesthedissipatedwork normalizedby 5 ) � ���� � j ��� .
Effect of Morphology
The effect of the morphologyof the ABS phase(in eithercase30% ABS with 10%rubber)is illustratedin
Fig. 2 showing thespreadingof theplasticzonein termsof theequivalentplasticstrainrate

�� � . While plastic
flow in homogeneousPC is highly localizedin form of narrow shearbandsintersectingaheadof the blunt
cracktip [4], thepresenceof ABS causesfarmoredistributedyielding. In thecaseof theblendwith spherical
ABS particles,oneobservesshearbandingin the PC matrix betweentheseparticles. In the microstructure
with ABS layers(highly elongatedparticles)perpendicularto thecracktheplasticzoneextendsaheadof the
cracktip andsuccessively spreadsalongthelayers.
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Figure 2: Equivalentplasticstrainrate
�� � [sec� � ] at �� u �C� 	 � ` ��� ; 30%ABS containing10%rubber

Thedistributionof hydrostaticstressshown in Fig. 3 is seento belesslocalizedin caseof theblends,possibly
leadingto amoredistributedmatrixfailureandhencehighertoughness.For bothmorphologies,PRQ in theABS
phaseat locationsfurtheraway from thecracktip is higherthanin thesurroundingPCmatrix becauseof the
higherelasticstiffnessof ABS at low rubbercontent.Theoppositecanbeseeninsidetheplasticzonewhere
thecapacityof ABS to carryhydrostaticstresshasstronglydecreaseddueto volumetricyielding. Hydrostatic
stressis thenconcentratedin thePCmatrix. Closeto thecracktip volumetricexpansionof theABS material
is quitepronouncedandaccompaniedby neckingof thePCligament.
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Figure 3: HydrostaticstressPRQ [MPa] at �� u �C� 	 � ` ��� ; 30%ABS containing10%rubber

The influenceof the microstructureis analyzedand comparedto the situation in neatPC in termsof the
dissipatedwork ���� ����� and the peakvalues(attainedsomewherein the processzone)of hydrostaticstressPXtvuMwQ andof thecrazeinitiation indicator

n tvuMwo
asfunctionsof theappliedstressintensityfactor. To smooth

out local effectsresultingonly from a particulararrangementof the ABS particlesaroundthe cracktip, an
‘ensembleaveraging’over threedifferentarrangements(realizationsof statisticallythesamemicrostructure)
is performed.
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Figure 4: Effectof morphology;30%ABS containing10%rubber

FromFig. 4 we seethat in bothblendsthepeakvaluesof hydrostaticstressandthecrazeinitiation indicator
arelower thanin neatPC while the absorbedenergy is significantlyhigher. This suggeststhat both blends
shouldbeexpectedto besignificantlytougherthanneatPC.However, which oneof thetwo morphologiesis
moreefficient is lessclear;thelamellarmicrostructureyieldslowervaluesfor thestress-basedcriteriawhereas
the particulatemicrostructureabsorbsslightly more energy. It shouldbe mentionedthat the morphologies
investigatedheremayprevail in realmaterialsatdifferentABS content,with ahighervolumefractionleading
to a lamellarmicrostructure,at leastfor injectionmoulding[3].

Effect of Rubber Content in ABS
Anotherimportantparameterin thefracturebehavior of PC/ABSblendsis therubbercontentin theABS phase
[2,3]. For ablendcontainingavolumefractionof 30%sphericalABS particles,theeffectof therubbercontent
is shown in Fig. 5. Again,resultsarecomparedto thosefor neatPC.Theextremecaseof 0% rubberis in fact
a blendof PC andSAN which – from the indicatorsinspectedhere– seemsto yield no tougheningeffect.
Theadditionof somerubberleadsto a muchhigherenergy dissipationandlower valuesof hydrostaticstress
andthecrazeinitiation indicator. Doublingtheamountof rubberin ABS resultsonly in asmallimprovement.



A similar ‘saturation’effect hasbeenobservedwhenvarying the ABS volumefraction in theblendat fixed
rubbercontent.
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Figure 5: Effectof rubbercontentin ABS; 30%sphericalparticles

CONCLUSIONS

Cracktip fields in PC/ABSblendsprior to crackgrowth have beensimulatedandanalyzedwith respectto
their dependenceon characteristicfeaturesof themicrostructure,suchasmorphologyandcomposition.En-
hancedplasticflow anddissipationaswell astheredistribution of stresswith reducedpeakvaluesin caseof
blendscouldbe interpretedascontributing to tougheningcomparedto homogeneousPC.However, compar-
isonwith experimentalobservationhasto be takenwith cautionsincetheoccurrenceof failuremechanisms,
suchascrazing,have beenignoredhere.It is possiblethattougheningmechanismsfully developonly during
crackadvanceandareactivemainly in thewake regionof thecrackasdiscussedin [6,11].
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