Dynamicsand flow-induced phasesepar
ation in polymeric fluids

Peter D. Olmsted

The past few years have seenmary adwancesin our un-

derstandingf the dynamicsof polymericfluids. Theseinclude
improvementson the successfuteptationtheory; an emeging

moleculartheory of semiflible chain dynamics;andan un-

derstandingf how to calculateand classify“phasediagrams”
for flow-inducedtransitions Experimentalisthave begunmap-
ping out the phasebehaior of wormlike micelles,a “li ving”

polymeric system,in flow: thesesystemsundego transitions
into sheatthinning or sheaithickeningphaseswhosevarietyis

remarkablyrich and poorly understood.Polymericideasmust
be extendedto include the delicate chage and composition
effectswhich conspireto stabilizethe micellesandarestrongly
influencedby flow.
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1 Intr oduction

Thefield of non-linearrheologyis roughly fifty yearsold and
far from mature. Non-linearfluids often display elastic ef-
fects, and have effective viscositieswhich dependon stress
or strainrate. Polymericliquids typically sheaithin [1], al-
thoughbranchedpolymersthickendramaticallyin extensional
flow; colloidal suspensionsf platelike particles(clays)typic-
ally sheaithicken;andsolutionsof surfactan{soap)molecules
cansheaithickenor sheaithin.

Non-linear rheology and polymer dynamicsare immense
fields, and in this short (subjectve) review | will focuson a
few subfields.| will discussrecentadvancesn modellingthe
dynamicsof flexible andsemifleible polymermelts,including
linearandcomplex topologies;andthenreview progressn our
knowledgeof the surfactanivormlike micelle systemto which
conceptsfrom polymer dynamicshave beensuccessfullyap-
plied. Unlike corventionalpolymers,the micellar microstruc-
ture can changequalitatively in flow conditions;thesetrans-
itions have mary featuresin commonwith equilibrium phase
transitionsandhave excited greatinterest.A goodcollectionof
resultsfrom awide rangeof comple fluids mayfoundin [¢2].

2 Polymer Melts and Solutions

The mostacceptednolecularmodelfor the dynamicsof flex-
ible entangledpoolymershasbeenthe Doi-Edwards(DE) the-
ory, basedon de Gennes'reptationconceptin which polymers
areervisagedto occupy“tubes” thatmodelentanglementon-
straints. This hasdone a reasonablgob in predictinglinear
rheology with a few notableexceptionssuchasthe failure to

predictthe scalingof the zerofrequeng viscosityas M4, al-
thoughrecentwork suggestshatcontourlength[3] fluctuations
areakey to this puzzle.

Recentwork in thelinearregime includesapplyingthetube
picture to moleculeswith complex branchedtopologies[e4].
Starpolymersafford stringentestsof tubemodelideasbecause
diffusionis dominatedby arm retractionin its tube, which is
exponentialin the retractionpotential. Inclusion of higheror-
derRousemodesalongwith “dynamicdilution” of thetubehas
led to remarkablygoodagreementvith experiment[5]. In ad-
dition to star polymers,molecularmodelshave recentlybeen
developedfor progressiely more complex topologies,paving
the way for understandinghe flow behaior of industrially-
importantlong-chain-brancheg@olymers,which strain-harden
in extensionaflow while softeningin shearflow [e4].

Although the DE tube pictureworks well in the linear re-
gime, it hasseveral defectsat high strainrates,particularlyin
steadyshear For example:experimentshawv aslightly increas-
ing plateawshearmndanincreasinghormalstresdor strainrates
~ above aninversereptationtime -1, while theorypredictsa
decreasing stressec ~ v~' anda constantnormal stress;and
the DE theory predictsa high strain rate viscosity which de-
creasesvith moleculaweight, while experimentaneigeontoa
molecularweight-independerturve. The defectin DE theory
is that,asthetuberepresentingntanglementonstraintsotates
into theflow, the entrappegolymerfeelsareducedstressand,
at strainratesabove the inversetube relaxationtime 7,7, re-
mainsorientedandpresents decreasingtresswith increasing
strainrate.Althoughcorrectiongdueto tubestretching6] have
accountedor someproblemsin startupflows, this only applies
neary ~ -1 andstill predictsa pronouncedtressmaximum.
Anothermechanisms neededo relaxthe chainandhencein-
creasdhe stresdy providing moremisalignedmaterialfor the
flow to “grip”. The key is believed to lie in “convectedcon-
straintrelease”wherebytheentanglementube)meshcorvects
away at high strainrates,leaving a relaxed coil. Early applica-
tionsof thisidea[7, 8] have clearedup serseral problemswith
the DE theory althoughthe theorystill predictsa slightly de-
creasingstresawith strainrate,soit shouldbe regardedat pro-
visional.

While moderatelysuccessfumoleculartheoriesof flexible
polymerandrigid rod dynamicshave existedsincethe 70's, the
study of semifleible polymers(in whichd < L, < L, where
d is the polymerdiametey L, the persistencéength,and L the
length)is quite young, mainly dueto the severe mathematical
difficultiesin treatingthe benddegreesof freedomandlength
constraintHowever, with increasingttentionbeingpaidto bio-
logical polymerssuchasactin[9], adeepeunderstandingf the
dynamicsof semiflible polymersolutionsis emeging. Direct
imaging of taggedfluorescenpolymersis possible[¢1(], and
several techniqueshave beendevelopedfor measuringelastic
moduli, including direct (torsionaloscillator[11]) andindirect
(from variousoptical techniquege12, ¢13]). Experimentsn-
dicatethe vestigesof a plateaumodulus,lesspronouncedhan
thatof flexible polymersolutions.For polymerswith L, < L.,
the distancebetweerentanglementsr confinementonstraints
(or deflectionlength [14]), one expectsthe behaior of flex-
ible solutions. However, for L, > L. oneexpectsqualitat-



ively differenteffectsdueto the perturbatiorof bendingmodes
by tube constraints. While Odijk and Semenw [14, 15] have
studiedthedynamicsandstatisticsof individualfilamentsonly
recentlyhave moleculartheoriesfor the stressresponsef en-
tangledsolutionsemeged. Unlike flexible polymers semifle-
ible chainshave a bendingenegy which maintainsZ,,, andone
can distinguishbetweenlongitudinal and trans\erseconform-
ationalchanges.Two pictureshave emeged for the origin of
elasticstressin concentratedsolutions: Isambertand Maggs
[16] aguedthat semifleible chainscanslide alongtheir tubes
longitudinaly, andrelaxationonly occurswhentrans\ersemo-
tions allow escapdrom thetubes. MacKintoshet al. [17] ar
guedthat, if longitudinal motionis suppressedhenthe modu-
lus is dueto the appliedtensionandthe relaxationof bending
modes(which are presentin the quiescenstatedueto thermal
fluctuations).In the caseof solutionsthe former mechanisnis
expectedo holdattimeslongerthanthatonwhichchaintension
canrelax[18]. Thesepictureshave beenmademore quantitat-
ive by Morse[ee19], who hasdevelopeda moleculartheoryat
the level of the Doi-Edwardstheoryandincludedthe bending
curvatureexplicitly in theexpressiorfor the microscopicstress
tensor

3 Flow instabilities in Wormlike Micelles

DE theory predictsa bulk flow instability in polymer melts
which has not been seen; however, a suggestie instability
known asthe“spurteffect” hasbeenseerin extrusion,in which
the throughputincreaseslramaticallyabove a critical pressure
gradient,oftenaccompaniedby a spatialpatternin the extrud-
ate[20, 21]. Currentopinionis thatthisis a surfaceinstability,
althoughthepictureis notsettled22]. However, thereis apoly-
mericsystemwhichdisplaysawell-documentetbulk instability
andhasbeenthe subjectof intensanvestigationin the pastdec-
ade.

Certainagueoussurfactantsolutions(e.g. cetylpyridinium
chloride/sodiumsaligylate [CPCI/NASal]; cetyltrimethylam-
monium bromide(CRB)/NaSal) self-assembleinto flexible
cylindrical micelleswith an annealedength distribution that
canencompasgolymeric dimensiongmicrons). Thesesolu-
tionscomprisea surfactan{e.g. CPCl)andanionizing salt(e.g.
NaSal)which togetherdeterminemicellar dimensionsflexib-
ility, andinteractions. Salt and concentratioreffects are quite
delicate,with Coulombinteractionsplaying an importantand
poorly-understoodole. Micelle reactionkineticsintroducead-
ditional timescalego the Rouseandreptationtimesof corven-
tional polymers:in the limit of fast breakingtimesthe stress
relaxationof entanglednicellesoftenobeys a simplesingleex-
ponential(“Maxwell fluid”), and propertiescan be calculated
quite confidently[23, 24], in goodagreementvith experiment
[25]. Somenon-lineampropertieccanbecalculatedn this limit,
anda maximumin the shearstress(analogoughe stressmax-
imum in DE theory)is predictedat an inverserelaxationtime
(the geometricmeanof the reptationand breakingtimes) [26],
in quantitatve agreementvith experimente27].

The non-linearrheologyof micellar systemswasfirst stud-
ied by Rehageand Hoffman [¢27], who discovered dramatic
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Figurel: Model constitutverelationo () for a sheasthinning
complex fluid with a bulk instability (afterRef.[29]). Thethick
curve shavsthekind of curve ervisionedfor wormlike micellar
solutions:this oneis from the Johnson-Sgalmanmmodel[54].
Portionsof the curve with negative slopearemechanicallyun-
stable.Both the Doi-Edwardgheoryfor polymermeltsandthe
Catestheoryfor micellespredicta constitutive curve qualitat-
ively like the thin curve, with a continuouslydecreasingtress
above a critical strainrate~.. Corvectedconstraintreleasd e8]
hasreducedheinstabilityin thepolymermelttheoryto aslight
bump, while micellar theoriesstill rely on animplicit solvent
viscosityto stabilizethe high strainrate branch(if thereis in-
deedone). The portion of the curve with negative slopeis un-
stable. Experimentsshaw that, for appliedstrainratesy >~,,
micellar solutionscan phaseseparataindershear attaininga
uniquesteadystatestresso, () in both phaseswith a portion
of the sampleat a high shearratey, anda portion at the low
shearatey; = ~,. A dependencef o, on~ (notin this case)
implies differentcompositionsn the coeisting phasessothat
different constitutive curves are connected;and all properties
changawith meanstrainrate[ee36, ee32].

shearthinning (analogousto the DE instability) and shear
thickening,dependingn the salt/surfactant/wateromposition.
The sheaithinning systemswere thefirst to be systematically
studied(seeFigure 1). Above a critical strainrate, an ap-
parentphaseseparatiorinto macroscopicoeisting regionsoc-
curs, at a reproducibleand history-independenstresse,, in
which the high strainratematerialis well aligned(typically bi-
refringent)and the low strain rate materialremainsrelatively
disordered The underlyingflow curve hasthe stresanaximum
omae (predictedoy Categ[26] for semi-dilutesystems)while
thecompositesteadystateflow curve hasa plateaubeginningat
op < Omas- [It isimportantto notethatmicellarsystemshave
slow dynamics,andonecantrap metastabletatesor ¢ > o,
[29].] This occursin semi-dilutesystemspf ordera few per
centsurfactan{28], or in moreconcentratedystemgof order
30%) with a nearbyequilibriumnematictransition[30, 31]. In
the former casethe dynamicinstability is believed to be poly-
meric in nature[26], while the latter may be due to nematic
effects (probably both effects are present). No theoriesexist
for nematictransitionsundersheaiin micelles,althoughrecent



work includesphasediagramsfor modelrigid-rod suspensions
in shearflow [ee32], for whichonly afew resultsxist [Ref.[33]
reporteda sheafinducednematictransitionin a liquid crystal
polymermelt].

Shearbandingcan be inferred from rheologicalmeasure-
mentsand directly obsened optically. Quantitatve measure-
mentsincludethe fraction of materialanddegreeof alignment
in the two phasesinferredfrom neutronscatteringe34]; and
thevelocity profile,measuredirectlyusingmagnetiaesonance
imaging[e35]. Sheatbandingcanincorporataifferentconcen-
trationsin thetwo phaseswhichis expectedvhenflow modifies
intermicellarinteractions(as neara nematictransition) rather
than simply the micellar conformation(as might be expected
in moredilute systems).A signatureof this is a slopein the
“plateau” stresswith increasingmeanstrainrate [ee36, ee32],
indeedseenin concentratedolutionswhich often have anun-
derlyingnematictransition[37, 38, 39, ¢34].

Groupshave begun investigatingmetastability Berret et
al. [40, 41] examinedslow transientsn 10-20% CPCl/NaSal
solutions. After increasingthe strain rate into the two-phase
region the stressdecayedslowly in time from the underly-
ing constitutive curve onto the stressplateau,with behaior
o ~exp—{t/T(v)}", (e = 2), whichthey interpretedasone-
dimensionalnucleationand growth. Grandet al. [¢42] stud-
ied transientsn moredilute (~ 1%) CPCl/NaSakolutionsand
found similar stressdecayswith a ~ (2,2.5, 3), andr(y) di-
verging abore or below (dependingon composition)the strain
ratev, attheonsetof banding.They alsoperformedcontrolled
stresexperiments anddiscoreredastresss;ump, > op, belov
whichthesystenremainednthelow strainratebranchindefin-
itely andabove which thesystemeventuallyjumpedto the high
strainratebranch.Their datasuggestethatsomecompositions
behae “spinodal-like” andothersbehae “nucleation-like” (as
Berret’s did), but it is to earlyto completelyembracethe lan-
guageof first-ordertransitions(given, 9., ¢;ump, Which has
no equilibriumanalog).

FischerandRehageshavedhow sheaithinningsystemsan
be tunedby changingsurfactantand salt composition,from a
shearbandingmaterialto a materialwith a stressplateau(the
rheologicalsignatureof banding)but without banding[e43].
The shearand normal stressespparentlyfollow the Giesekus
model, whichis oneof thesimplesinon-linearconstitutveequa-
tions (comprisinga Maxwell modelwith the simpleststress-
dependentelaxationtime). A molecularunderstandindor this
behaior is lacking.

With critical micelle concentrationsf orderafew partsper
million, micellesentangleatastonishinglyow dilutions. Amaz-
ingly, systemswhich sheadthin at concentrationsf a few per
cent can undego a sheaithickening transition at fractions of
< 0.1% [#27, 44, e046]. Thisthis sheafinducedstructurgSIS)
is still undeterminedearly suggestionsor the mechanisrin-
cludedrunavay micellargrowth dueto flow-alignmen{47, 48],
but the obsered strainrate (of order inversemilliseconds)is
muchslower thanthe necessarynicellar reorientatiortime, of
orderus. It is probablethatchage, which controlsthedramatic
increasdn micellar lengthfor concentrationsiearthe overlap
concentration[49], plays an importantrole. Like the shear
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Figure2: Qualitative constitutive curvesfor a sheaithickening
system,suchas the micellar systemreportedby Boltenhagen
et al. [45, ee46]. The thin curves denotesingle phaserela-
tions (micellarliquid or a gel-like material);the thick curve de-
notesthe compositeflow curve alongwhich the materialphase
separatedor controlledstresss > ., and completecorver-
sionto gel occursfor o = o,4,. Upon controlling the strain
ratethe systemtraversesdbetweerthetwo branchesat~.. Note
that,if composition®f thecoexisting phasesvereidentical,the
controlled-stressompositelow curve would bevertical.

thinning systems macroscopic¢phaseseparation’occurs;Hu
et al. [ee46] founda gel-like phasehatformsuponincreasing
theappliedstresswith themeanstrainratedecreasingseerFig-
ure2) asmorematerialturnsinto gel, andincreasingagainafter
completecorversion. The gel is obsered to fracturein flow,
andslightly sheaithins. Applying a strainrateabove thecritical
strainrateinducesmmediatecompleteconversion.Attemptsto
visualizethe SIS using cryo-TEM have givenfew cluesto the
microstructurg50]. Notethatcoexistencein thesheaithinning
micellesoccurundercontrolledstrainrateconditionswhile co-
existencein this thickeningsystemoccursfor controlledstress;
in both casesdandingoccursin the radial direction,indicating
bandingatacommonshearstress Thesedifferencesnaybeco-
incidence®f theconstitutvebehaiors of thecoeisting phases,
or dueto whetherstressor strainrateultimately determineghe
SIS.

Berretet al. [e51] studiedcethyltrimethylammoniumo-
sylate(CTAT) micelles,andfound sheaithickeningphasesep-
arationundercontrolledstrain rate conditionsabove a critical
strainratey. ~ ¢°*® (anincreasen -, with ¢ wasalsofound
by Hu et al. [ee4(); this concentatiordependenceemains
unexplained. The compositecurve o, () hasa positive slope,
in contrastto the S curve of Ref. [ee46], possiblybecausdhe
“thick” phaseis not thick enough;alternatiely, phasesepara-
tion alongthevorticity direction(atacommonstrainrate)would
also be consistenwith a positive slopedo, /d~ for the com-
positeflow curve [ee32). The SIS is sheaithinning, displays
an orientedstructurein neutronscattering,anddoesnot have
the extremelylong recovery timesfoundin Ref [ee46]. Qual-
itatively similar datawerereportedfor a CTAB-NaTOS solu-
tion by HarmannandCressely52]. We finish our (incomplete)
zooof micellarthickeningtransitiondy mentioningyetanother



studyon CPCl/NaSal:revisiting early experimentsby Rehage,
Wheeleret al. [44] found spatio-temporainstabilitiesconsist-
ing of dark andlight oscillating vertical bands(in cylindrical
Couetteflow); theseaccompay formation and destructionof
new microstructurgevidentfrom turbidity), andaresuggestie
of a Taylor-Couetteelasticinstability [53].

Athough wormlike micelles can have much simpler rhe-
ologythantheir polymercousingdueto thefrequentpresencef
asinglerelaxationtimein thefastbreakingimit, this simplicity
is delicate,andstrongflows candramaticallyaffect the micelle
microstructure We arefar from a generalmoleculartheoryfor
thesetransitionsanddo not even know the natureof the micro-
statein mostcasesContinuumconstitutvemodelsmayprovide
someinsight, althoughwhenthesemodelssucceedve usually
do notknow why (eg. The Giesekusnodel[e43]). A popular
constitutive modelis the local Johnson-Sgalmanmodel [54],
whichis relatively simpleanddisplaysthe non-monotonidlow
curve characteristiof sheasthinning micelles. Numericalcal-
culationg[55, 56] resemblesomestartupexperimentg41], and
authorshave attemptedo determineplateaustresses, for the
onsetof bandingin this model[54, 56]. It hasbecomeappar
entthatthis, or ary local, modeldoesnot give a uniqueselec-
ted bandingstresg57], andan additionalassumptions neces-
sary[58, ee32]. Thereis growing consensughatnon-local(i.e.
gradienterms)contributionsto constitutveequationsupplyan
unambiguousleterminatiorof the plateaustresJee32].

4 Outlook

Despiteprogressn understandingf flexible and semifleible
polymer dynamics,thereis no shortageof problemsfor the
immediatefuture. We lack a credible complete molecular
understandingfor any of these micellar flow-induced tran-
stitions: sucha model must presumablyinclude chage and
concentrationaswell as polymericeffects, to accountfor the
(still unknown, in mostcases!) structuralchangesinderflow.
By comparingand contrastingliving and non-living polymers
we may be able to extract important physics. Besidesthese
systemsmary othercomple fluid systemaindego avarietyof
flow-inducedphasdransitionsandit seemgeasonabléo hope
thatthis variety of transitionamaybe putonacommonground,
akin to thethermodynamicsf equilibriumphasdransitions.

| am indebtedto J-F Berret, ME Cates, SL Keller, CYD
Lu, FC MacKintosh, TCB McLeish, DJ Pine,and G Portefor
muchdiscussiorandadvice.

[1] Doi M, EdwardsSF: The Theory of PolymerDynamics
ClarendonQOxford, 1989.

[e2] McLeish T, Ed.: Proceedingof the NATO Advanced
Study Institute on TheoreticalChallengesn the Dynam-
ics of Complex Fluids, CambridgeUK, volume339of E:
Applied ScienceKluwer, Dordrecht,1997.
Fromahighly successfulvorkshopin 1996,this summa#
izesthe essentiallystill-currentstateof knowledgeof the
flow behaior of awide varietyof comple fluids.

[3] Milner ST, McLeishTCB: Reptation and contour-length
fluctuations in melts of linear polymers. Phys. Rev.
Lett., 1998,81:725—728.

[e4] McLeishTCB, Milner ST. Entangleddynamicsand melt

flow of branched polymers. In Advancesn PolymerSci-
ence SpringerVerlag,Berlin, 1999.
This recentreview discussesereral nev advancesn the
molecularrheologyof polymerswith complex topology,
including stars,H-polymers,andthe “pom-pom” model
(atoy branchegolymer).

[5] Milner ST, McLeish TCB: Parameterfree theory for
stressrelaxation in star polymer melts. Macromolec-
ules 1997,30:2159-2166

[6] Marrucci G: Dynamics of entanglements: a nonlinear
model consistentwith the Cox-Merz rule. J. Non-Newt.
Fl. Mech, 1996,62:279-289.

[7] lannirubertoG, Marrucci G: On compatibility of the
Cox-Merz rule with the model of Doi and Edwards. J.
Non-Newt. Fl. Mech, 1996,65:241-246.

[¢8] Mead DW, Larson RG, Doi M: A molecular theory
for fast flows of entangled polymers. Macromolecules
1998,31:7895-7914.

This work expandson theideasof lannirubertcand Mar-
rucci, using corvective constraintreleaseto modify the
Doi-Edwardspictureat high strainrates.

[9] MacKintoshFC,Janmg PA: Actin gels CurrentOpinion
in Solid State& MaterialsSciencel1997,2:350-357.

[¢10] KasJ, Strey H, SackmanrE: Directimaging of repta-

tion for semiflexible actin-filaments. Nature 1994,
368226—229.
Using fluorescenprobes,individual macromoleculesan
beindividually visualized henceproviding for directcon-
firmationof theoreticaideassuchasRousemodesandre-
laxationby reptation.

[11] Janmg PA, Hvidt S, Kas J, LercheD, MaggsA, Sack-
mann E, Schliwa M, Stossel TP: The mechanical-
properties of actin gels- elastic-modulusand filament
motions. J. Biological Chemistry 1994, 269.32503—
32513.

[e12] Gittes F, Schnurr B, Olmsted PD, MacKintosh FC,

SchmidtCF: Micr oscopicviscoelasticity: shear moduli
of soft materials determinedfrom thermal fluctuations.
Phys.Rev. Lett., 1997,79:3286—3289.
This work introduces a new high-frequeng, high-
resolutionoptical techniquefor measuringhe local mod-
uli of soft materials,by recordingthe power spectrumof
anentrappedeadfluctuatingin a material.

[¢13] MasonTG, GanesarK, van ZantenJH, Wirtz D, Kuo
SC: Particle tracking microrheology of complexfluids.
Phys.Rev. Lett., 1997,79:3282—-3285.

Thisis acomplementaryork to thework above, andalso
usesanopticaltechiqueo extracttheelasticmoduliof soft
materials.

[14] Odijk T: On the statistics and dynamics of confined
or entangled stiff polymers. Macromolecules 1983,
16:1340-1344.



[15] Semene AN: Dynamics of concentrated-solutionsof
rigid-chain polymers. 1: Brownian-motion of persist-
ent macromoleculesin isotropic solution. Journalof the
ChemicalSociety-FradayTransactionsi, 1986,82:317—
329.

[16] IsamberH, MaggsAC: Dynamicsand rheology of actin
solutions. Macromolecules1996,29:1036-1040

[17] MacKintosh FC, Kas J, Janmg PA: Elasticity of
semiflexible biopolymer networks. Phys. Rev. Lett,
1995,75.4425-4428

[18] MaggsAC: Two plateau moduli for actin gels Phys.
Rev. E, 1997,55:7396—-7400.

[ee19] Morse DC: Viscoelasticity of concentratedisotropic

solutions of semiflexiblepolymers. 1. Model and stress
tensor. Macromolecules1998,31:7030—7043.
The paperbegins a seriesof works presentinga molecu-
lar theoryfor semiflible polymers,which explicitly in-
cludesthe benddeyreesof freedomin the stressaandinter-
polatesbetweenthe rigid-rod andflexible picturesof the
Doi-Edwardgheories.

[20] Bagley EB, CabotIM, WestDC: Discontinuity in the
flow curve of polyethylene J. Appl. Phys, 1958,29:109—
110.

[21] Vinogradw GV: Viscoelastigpropertiesand flow of nar-
row distrib ution polybutadienesand polyisoprenes J.
Poly. Sci. A, 1972,10:1061.

[22] DennMM: Issuesin viscoelasticfluid mechanics Annu.
Rev. Fluid Mech, 1990,22:13-34.

[23] CatesME: Reptation of living polymers—dynamicsof
entangledpolymersin the presenceof reversible chain-
scission reactions Macromolecules 1987, 20:2289-
2296.

[24] TurnerMS, CatesME: Linear viscoelasticity of worm-
like micelles - a comparison of micellar reaction-
kinetics. J. Phys.Il (France)1992,2:503-519.

[25] Khatory A, Lequeux F, Kern F, Candau SJ: Linear
and nonlinear viscoelasticityof semidilute solutions of
wormlike micelles at high-salt content Lang, 1993,
9:1456-1464.

[26] CatesME: Nonlinear viscoelasticity of wormlike mi-
celles (and other reversibly breakable polymers).
J.Phys.Chem, 1990,94:371.

[¢27] RehageH, HoffmannH: Viscoelasticsurfactant solu-
tions: model systemsfor rheological reseach. Mol.
Phys, 1991,74:933.

Rheologicaldata and phasebehaior are presentedfor

a wide variety of wormlike micellar surfactantsystems.

Several different systemsare presentin detail, describ-
ing mary differentflow behaiors (sheaithicking, sheas
thinning) andtheir dependencesn solution composition
(surfactanandsalt).

[28] Makhloufi R, DecruppelR Aitali A, CresselyR: Rheo-
optical study of worm-like micellesundergoinga shear
banding flow. EurophysLett., 1995,32:253-258.

[29] Spenlg NA, CatesME, McLeish TCB: Nonlinear rhe-
ology of wormlike micelles Phys. Rev. Lett, 1993,
71:939-943.

[30] SchmittV, LequeuxF, PousseA, Roux D: Flow beha-
vior and shearinduced transition near an isotropic-
nematic transition in equibrium polymers. Langmuir,
1994,10:955-961.

[31] Cappelaer&, CresselyR, DecruppelP:Linear and non-
linear rheological behavior of salt-free aqueousctab
solutions. Coll. Surf.A Aspects1995,104:353—-374.

[ee32] OlmstedPD, Lu CYD: Coexistenceand phase sep-

aration in sheaed complex fluids. Phys. Rev., 1997,
E56:55-58.
Phasealiagramsareexplicitly constructedor flow-induced
phaseseparationin a model multi-componentcomple
fluid (rigid rods in solution), demonstratingthe effect
of concentratioron the flow curve and discussingvari-
ousscenario®f shearbanding(commonstresscommon
strainrate).

[33] Mather PT, Romo-Uribe A, Han CD, Kim SS: Rheo-
optical evidence of a flow-induced isotropic-nematic
transition in athermotropic liquid-crystalline polymer.
Macromolecules1997,30:7977-7989

[#34] BerretJF RouxDC, LindnerP: Structure and rheology
of concentrated wormlike micelles at the shear
induced isotropic-to-nematic transition. European
PhysicallournalB, 1998,5:67—77.

Using neutron scatteringin tandemwith rheology the
degree of nematicorder and concentratiorof coexisting
isotropicandnematicphasesindershearareextracted.

[¢35] Mair RW, CallaghanPT: Shear flow of wormlike mi-
cellesin pipe and cylindrical couette geometries as
studied by nuclear magnetic resonancemicroscopy J.
Rheol, 1997,41:901-924.

NMR hasbeenusedto measuref thelocal velocity pro-
file in sheatbandingflow of wormlikemicelles presenting
clearquantitatie evidenceof sheambanding.

[ee36] SchmittV, MarquesCM, LequeuxF: Shearinduced
phase-separationof complex fluids — the role of flow-
concentration coupling. Phys. Rev., 1995, E52:4009—
4015.

This is the first theoreticalwork describingthe qualitat-
ive effectsof concentratiorcouplingon the effective rhe-
ologicalcurvesin sheambandingflow; further, they distin-
guishwhenonemayseephasecoeistencewith separation
alongthevorticity or flow gradientdirections.

[37] DecruppedR CresselyR, Makhloufi R, CappelaereE:
Flow birefringence experiments showing a shear
banding structure in a CTAB solution. Coll. Polym.
Sci, 1995,273346-351.

[38] BerretJF, PorteG, DecruppelP: Inhomogeneousshear
rows of wormlike micelles: a master dynamic phase
diagram. Phys.Rev. E, 1997,55:1668—-1676.

[39] Cappelaerds, BerretJF, DecruppelR CresselyR, Lind-
ner P: Rheology birefringence, and small-angle neut-
ron scatteringin a charged micellar system: evidence
of a shearinduced phasetransition. Phys.Rev. E, 1997,
56:1869-1878.

[40] BerretJF RouxDC, PorteG: Isotropic-to-nematictrans-
ition in wormlike micelles under shear. J. Phys. Il
(France)1994,4:1261-1279.



[41] Berret JF: Transient rheology of wormlike micelles
Lang, 1997,13:2227-2234.

[¢42] Grand C, Arrault J, CatesME: Slow transients and
metastability in wormlike micelle rheology. J. Phys.II
(France)1997,7:1071-1086.

Thisis a carefulstudyof transientsn flow-inducedphase
separation.They explore metastabilityunder both con-
trolled strainrateandcontrolledstresonditions.

[¢43] FischerP, RehageH: Non-linear flow properties of
viscoelastic surfactant solutions. Rheol. Acta, 1997,
36:13-27.

Thiswork demonstratelsow CTAB/NaSal,atcertaincom-
positions,obeys the Giesekusconstitutive modelremark-
ably well.

[44] WheelerEK, FischerP, Fuller GG: Time-periodic flow
induced structures and instabilities in a viscoelastic
surfactant solution. J. Non-Newt. Fl. Mech, 1998,
75:193-208.

[45] Boltenhaget, Hu YT, MatthysEF, PineDJ: Observation
of bulk phaseseparationand coexistencdn a sheaed
micellar solution. Phys.Rev. Lett.,, 1997,79:2359-2362.

[ee46] Hu YT, BoltenhagenP, Pine DJ: Shear thickening
in low-concentration solutions of wormlike micelles.l.
Direct visualization of transient behavior and phase
transitions. J. Rheol, 1998,42:1185-1208
This work presents carefulstudyof the appearancef a
gel-like sheatinducedstructurein wormlike micelles,and
containsvisualizationsof thebands.

[47] CatesME, TurnerMS: Flow-induced transitions in rod-
like micelles J. Phys.Cond.Matt., 1992,4:3719-3741.

[48] BruinsmaR, GelbartWM, BenshaulA: Flow-induced
gelation of living (micellar) polymers. J. Chem.Phys,
1992,96:7710-7727

[49] MacKintoshFC, SafranSA, PincusPA: Equilibrium size
distrib ution of chargedliving polymers. J. Phys.Cond.
Matt., 1990,2:SA359-SA364.

[50] Keller SL, BoltenhagerP, PineDJ, ZasadzinskiA: Dir-
ect observation of shearinduced structuresin worm-
like micellar solutions by freeze-fractue electron mi-
croscopy Phys.Rev. Lett., 1998,80:2725-2728

[e51] Berret JF GamezcorralesR, Oberdisse J, Walker

LM, Lindner P: Flow-structure relationship of shear
thickening surfactant solutions Europhys.Lett., 1998,
41:677-682.
This work reportson a sheaithickeningmicellar system,
andtheauthorsextractthe (increasingdependencef the
critical strainrateon concentrationaswell asanactivated
temperaturelependence.

[52] HartmanrV, CresselyR: Linear and nonlinear rheology
of a wormlike micellar systemin presenceof sodium
tosylate Rheol Acta, 1998,37:115-121.

[53] Larson RG: Instabilities in viscoelastic flows. Rheol.
Acta, 1992,31:213-263.

[54] MalkusDS, NohelJS,PlohrBJ: Dynamicsof shearflow
of anon-Newtonianfluid. J. Comp.Phys, 1990,87:464—
487.

[55] Espdiol P, YuanXF, Ball RC: Shearbanding flow in the
Johnson-Segelmariluid. J. Non-Newt. Fl. Mech, 1996,
65:93-109.

[56] Greco F, Ball RC: Shearband formation in a Non-
Newtonian fluid model with a constitutive instability .
J.Non-Newt. Fl. Mech 1997,69:195.

[57] Spenlg NA, Yuan XF, CatesME: Nonmonotonic con-
stitutive laws and the formation of shearbandedflows.
J.Phys.Il (France)1996,6:551-571.

[58] Porte G, Berret JF HardenJL: Inhomogeneousflows
of complex fluids: Mechanical instability versusnon-
equilibrium phasetransition. J. Phys.ll (France)1997,
7:459-472.



