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ABSTRACT

Cracktip fieldsin ternarypolymerblendsof PC/ABSareinvestigatechumericallyto addressheeffectof vari-

ousmicrostructurafeatureonthefractureinitiation toughnessUnderglobalsmall-scalgyielding conditions,
two-dimensional2D) planestrainfinite elementanalysesre carriedout for the cracktip region featuringa
proceszonein which the blendmicrostructuras explicitly representedT he constitutve modelaccountdor

large visco-plasticstrains,the intrinsic softening-rehardeningehaior of glassypolymersaswell asplastic
dilatationin the ABS phasealueto rubberparticlecavitation. Attentionis focusedon theinfluenceof theblend
compositionandmorphologyon the competitionbetweerncrazingandshearyielding in the PC matrix. A set
of indicatorsis usedto classifyvariousblendswith respecto their tendeng to enhancdoughness.
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INTRODUCTION

AlthoughamorphoughermoplasticssuchaspolycarbonatéPC),areableto undego largeinelasticdeforma-
tionsunder for example,compressionthey show a strongnotchsensitvity. The reasons the concentration
of hydrostaticstressaheadof cracktips or notcheswhich may initiate brittle failure by ‘crazing’. Blending
thesematerialswith smallrubberparticlesis a well-establishedouteto increaseheir fracturetoughnessThe
key mechanisnfor toughenings understoodo berubberparticlecavitation, which delayscrazingdueto the
relief in hydrostaticstressand promotesplasticflow (‘shearyielding’) in the matrix, henceincreaseenegy
absorbtior1].

Theclassof ‘ternary’ blendslike PC/ABSis muchlesswell understoodin thesematerials ABS (acrytonitril-
butadiene-styrena$ itself ablendof SAN (styrene-acrytonitrilanothethermoplasticandrubber(butadiene)
particles.A tougheningeffect is againattributedto rubberparticle cavitation in the ABS phaseandenhance-
mentof shearyielding in the PC matrix [2,3]. However, the situationis complicatedby several additional
parameterg$ABS composition blendmorphology)andadditionalmechanismgmultiple crazingin ABS, in-
terfacedebonding).For example,thereseemdo be no clearconsensuget how the frequentlyreported'syn-



ergistic effect’ of a maximumtoughnes®f the blendat an ABS contentof around20 - 30 % dependsn the
ABS microstructurge.g.rubbercontent) andexperimentafindingssometimesrecontradictory[3]. Equally
unclearis the influenceof the blend morphology(particulatevs orientedABS layers). The purposeof the
presennumericalinvestigations to gainsomebasicinsightinto therole theseparameterplay in the process
of toughening.

Earlier theoreticalwork hasmainly focusedeitheron cracktip fields (e.g. evolution of plasticzone)in ho-
mogeneousnaterial[4,5] or on cell studiesof blends(with rubberparticlestreatedasvoids) underuniform
macroscopidoad [6,7]. The lattertype of modelingclearly revealedthe enhancedlasticflow in blendsby
sheatbandingbetweerthe modifier particlesaswell asa reductionof hydrostaticstress ChenandMai [8] in-
vestigateda 3D modelof arubberparticleinteractingwith a cracktip in PCdescribedasa standard/on Mises
material. Thepresenwork is afirst stepto studythecharacteristibehaior of (ternary)polymerblendsunder
loading conditionsprevailing at cracktips. Sinceno failure mechanisms accountedor, we areconcerned
only with the situationprior to crackadvanceandimplicationson thefractureinitiation toughnessWe do so
in a2D planestrainmodelof acracktip in PCsurroundedy several ABS particlesandstudythe spreadingof
theplasticzone(e.g. by sheabandingbetweerinteractingparticles) the stresdistribution andthe dissipated
work. Thesecharacteristicare discussedn relationto the tougheningeffect of the blend compositionand
morphology

PROBLEM FORMULATION

Sincethe inelastic processeso be investigatedare localizedat the tip of a pre-crackor notch small-scale
yieldingis assume@ndonly the K -field dominatedegionis modeledFig. 1a). Model loadingis imposedn
termsof therespectre displacementasfar-field boundaryconditions(cf. [4,5]). A closerlook atthecracktip
(whichthenappeardlunted)revealsthe microstructureof the blendasa two-phasenaterialwith a PC matrix
andABS particles(Fig. 1a). At this level, i.e. in the so-called'processzone’, both phasesare describedas
homogeneoumaterialsy constitutve equationgivenin thenext section.Theevenfiner ABS microstructure
of smallrubberparticlesin a SAN matrix is only consideredn ahomogenizedgense.
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Figure 1. a) Cracktip modelingin ternarypolymerblend.b) Finite elementdiscretizatiorof cracktip region
andexampleof proceszone(innermesh).



Quasistatidoading of the cracktip region takes placeat a prescribedconstantrate K;. Detailson the in-
crementakolutionproceduremay be foundin [4]. Thefinite elementmeshesisedin a numberof analyses
to be presentediredepictedin Fig. 1b, wherethe processegion mesh(Fig. 1b, right) shons one of several
investigatedcasesExploiting the symmetryof themodel,only half of the problemhasto bediscretized.

CONSTITUTIVE EQUATIONS

The deformationbehaiour of glassypolymerslike PC or SAN is describedy the sameelasticvisco-plastic
constitutve modelusedin [4]. It emplgys a standarcadditve decompositiorof therateof deformationtensor
into its elasticandplasticparts: D = D° + DP. Sincethe elasticstrainsremainsmallthey aregovernedby

Hooke’s law which in rateform canbewritten as D® = £~ & wheree is the Jaumanmateof the Cauchy
stressor, and L is the standardourth orderisotropicelasticitytensor

Matrix behavior
Rate-dependentielding of the matrix materialis specifiedthroughthe visco-plasticconstitutve equations

R

D? = o
basedon the equialentplasticshearstrainrate+? beingdeterminedy the equivalentdriving shearstressr,

with 4, and A materialparametersandT’ the absolutetemperature Softeningof the materialuponyield is

accountedor by theyield resistance evolving with plasticstrain,while rehardeninglueto stretchingof the
moleculametwork is describedy the backstresgensorb incorporatedn the purely deviatoric driving stress
tensorg’ = o' — b (see[4] for details).
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Homogenized ABS behavior

Oncetherubberparticlesin the ABS phasehave cavitatedthey aremechanicallyequivalentto voids because
of the low modulusof the rubber The overall behaior of ABS canthenbe approximatedy that of porous
SAN. The elasticitytensornow is expressedn termsof effective (e.g. Mori-Tanaka)elasticconstantsC( f)
wheref is theporosity[9]. To allow for yielding of the porousmaterialunderdeviatoric andhydrostaticstress
stategheequialentdriving stress in (1) is takento berelatedto the deviatoric driving stresss’ andthemean
stressy,,, viathe phenomenologicahacroscopigield function

b= 5" & +aflol, —[(1— fre(fo)]> = 0. 2)
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Here,a andb are‘pressuresensitvity’ parameterso be fitted from cell calculationsfor porousSAN and f;

is the initial porosity (rubbercontentin ABS). With 1 — f beingthe volumefraction of the matrix material,
(1 — f)rce(fo) canbe regardedasthe equivalentdriving stressof the porousmaterialwherethe factorc( fy)

accountdor initially localizedyieldingin theinterwid ligamentdiscussedn [9]. For example theequvalent
driving stressnitially, i.e. for f = fo, is (1 — /fo)7, if ¢(fo) = (1 + +/fo) ' is chosenfor the 2D caseof

cylindrical voids. In this casethefactorl — /f, is approximatelythe relative width of the ligamentbetween
voidswhereplasticflow is localizedat the onsetof macroscopigield.

Thefunction ® senesto determinethe driving stressr (from & = 0) aswell asthe plasticstrainratevia the
normalityrule D? = Ao®/0a. Themultiplier A is computedrom the conditionthatthe plasticwork rateper
unit volumein the porousmaterialequalsthe dissipationin thematrix: & - D® = (1 — f)/275P.

CRAZE INITIATION

Crazingin the PC matrix canberegardedasa precursorof brittle failure of the blendmaterial. Besidecraze
growth and final breakdaevn, 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 ¢,, cansene asa simplestinitiation criterion [7]. Other criteria, as
discussedy Estevez et al. [5], alsoincorporateshearstressdueto the needfor someplastic deformation.
For example, the criterion of Sternstein(see[5]) can, underplane strain conditions,be castinto the form

F,. =27 — By/30,+ Ao = 0 whereA, and B, arematerialparametersNo reliabledatafor crazeinitiation in

PCareavailableyet. So,to comparevariousblendswith regardto their tendeng to matrix crazingwe simply
tracethe peakvaluesof ¢,, andF, attainedn thePCphasdn thecourseof aloadingprocessTheexperimen-
tal obsenrationthathighly stretchednaterialis lessproneto craze[10] is accountedor by recordinge2®* and
F™ only in materialundegonea maximumstretchof lessthan2.

RESULTS

All resultsto be presentechave beenobtainedat a constantoadingrateof K; = 1MPa+/msec*. Typical

valuesfor the materialparameteref PCandSAN aretakenfrom [6]. Fromcell studiesfor porousSAN (not

reportedherefor brevity) the pressuresensitvity parametersn the yield function (2) have beendetermined
tobea = 1.0 andb = 0.7. Basedon the casestudyin [5] the valuesfor the parametergnteringthe craze
initiation criterionarechoserto be Ay = 0.7s, and B, = 3s2 wheres, ~ 100MPais theinitial yield strength
of PC.A dimensionIessamppliedstressjntensityfactorf(app is definedby dividing K7 by s, /T, Wherery,, is

thecracktip radius,andWy;ss denoteghedissipatedvork normalizedby So?“fip/25-

Effect of Morphology

The effect of the morphologyof the ABS phase(in eithercase30% ABS with 10% rubber)is illustratedin
Fig. 2 shaving the spreadingdf the plasticzonein termsof the equivalentplasticstrainrate+?. While plastic
flow in homogeneou®C is highly localizedin form of narrov shearbandsintersectingaheadof the blunt
cracktip [4], thepresenc®f ABS causedar moredistributedyielding. In the caseof the blendwith spherical
ABS patrticles,one obseresshearbandingin the PC matrix betweenthesepatrticles. In the microstructure
with ABS layers(highly elongatedoarticles)perpendiculato the crackthe plasticzoneextendsaheadof the
cracktip andsuccessiely spreadslongthelayers.
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Figure 2: Equivalentplasticstrainrate? [sec™!] at K,,, = 2.25; 30%ABS containing10%rubber

Thedistribution of hydrostaticstressshavnin Fig. 3 is seento belesslocalizedin caseof theblends possibly
leadingto amoredistributedmatrix failureandhencehighertoughnesskor bothmorphologiesg,, in theABS

phaseat locationsfurther away from the cracktip is higherthanin the surrounding?C matrix becausef the
higherelasticstiffnessof ABS atlow rubbercontent. The oppositecanbe seeninsidethe plasticzonewhere
the capacityof ABS to carry hydrostaticstresshasstronglydecreasedueto volumetricyielding. Hydrostatic
stresss thenconcentratedh the PC matrix. Closeto the cracktip volumetricexpansionof the ABS material
is quite pronouncecindaccompaniedby neckingof the PCligament.
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Figure 3: Hydrostaticstress,,, [MPa] at K,,, = 2.25; 30%ABS containingl0% rubber

The influenceof the microstructureis analyzedand comparedto the situationin neatPC in termsof the
dissipatedwork Wy, and the peakvalues(attainedsomevherein the processzone)of hydrostaticstress
or® andof the crazeinitiation indicator F*** asfunctionsof the appliedstressntensityfactor To smooth
out local effectsresultingonly from a particulararrangemenof the ABS particlesaroundthe cracktip, an
‘ensembleaveraging’over threedifferentarrangementérealizationsof statisticallythe samemicrostructure)
is performed.
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Figure 4: Effectof morphology;30%ABS containingl0%rubber

FromFig. 4 we seethatin both blendsthe peakvaluesof hydrostaticstressandthe crazeinitiation indicator
arelower thanin neatPC while the absorbedenenpy is significantly higher This suggestghat both blends
shouldbe expectedto be significantlytougherthanneatPC. However, which one of the two morphologiess
moreefficientis lessclear;thelamellarmicrostructureyieldslowervaluesfor thestress-basecriteriawhereas
the particulatemicrostructureabsorbsslightly more enegy. It shouldbe mentionedthat the morphologies
investigatecheremay prevail in realmaterialsat differentABS contentwith a highervolumefractionleading
to alamellarmicrostructureat leastfor injectionmoulding[3].

Effect of Rubber Content in ABS

Anotherimportantparametein thefracturebehaior of PC/ABSblendsis therubbercontentin the ABS phase
[2,3]. For ablendcontainingavolumefractionof 30%sphericalABS particles theeffectof therubbercontent
is shavnin Fig. 5. Again, resultsarecomparedo thosefor neatPC. The extremecaseof 0% rubberis in fact

a blend of PC and SAN which — from the indicatorsinspectechere— seemdo yield no tougheningeffect.

Theadditionof somerubberleadsto a muchhigherenegy dissipationandlower valuesof hydrostaticstress
andthecrazeinitiation indicator Doublingtheamountof rubberin ABS resultsonly in a smallimprovement.



A similar ‘saturation’ effect hasbeenobsened whenvarying the ABS volumefractionin the blendat fixed
rubbercontent.
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Figure5: Effectof rubbercontentin ABS; 30% sphericabarticles

CONCLUSIONS

Cracktip fieldsin PC/ABS blendsprior to crack growth have beensimulatedand analyzedwith respectto
their dependencen characteristideaturesof the microstructure suchasmorphologyandcomposition.En-
hancedplasticflow anddissipationaswell asthe redistritution of stresswith reducedoeakvaluesin caseof
blendscould be interpretedas contributing to tougheningcomparedo homogeneou®C. However, compar
isonwith experimentalobsenation hasto be takenwith cautionsincethe occurrenceof failure mechanisms,
suchascrazing,have beenignoredhere.lt is possiblethattougheningmechanismsully developonly during
crackadwanceandareactive mainly in thewake region of the crackasdiscussedn [6,11].
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