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Ubiquity of domain patterns in sheared viscoelastic fluids
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A ubiquitous domain pattern is observed in two-phase viscoelastic fluids falling within the simple paradigm
of soft viscoelastic domains suspended in a less viscoelastic fluid under shear flow. Three strikingly different
complex fluids exhibit the same shear-induced domain structure, which we relate to the elasticity of the
dispersed phase via an approximate Weissenberg number. We suggest a physical mechanism for the formation
of this pervasive pattern, independent of the dynamic origin of the elasticity of the suspended phase.
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I. INTRODUCTION fluids is spatially stochastic, but patterns exhibited 30g)

Multiphase fluids with well-defined interfaces are encoun-2ndc(r) reveal statistical trends and correlations.
tered in a variety of applications, from plastics engineering
and pharmaceuticals to paints, cosmetics, and food products. Il. MATERIALS AND METHODS
The use of hydrodynamic forces to process and homogenize i . . o
these inherently soft materials is also ubiquitous, with simple  1he first system of interest is a polymer blend with vis-
shear serving as a useful reference point for understandirgP€lastic asymmetry between the dispersed and continuous
how the multiphase structure deforms and ruptures in flowPnase, the former being more viscoelastic than the Igtfer
Due to the frequent incorporation of macromolecules within '€ Polymers are polybutadieiBB) and polyisoprengPl),
distinct phases, it is common for such fluids to be themselve¥ith number-averaged molar mass and polydisperstty
viscoelastic apart from any interfacial contribution, which =21 000 andvl,,/M,=1.04 for the PB and,=72 000 and
has profound implications for processing. Here, we reporf!lw/Mn=1.02 for the PI. The quiescent ratio of domain vis-
striking similarities in the domain structure exhibited by COSIty to matrix viscosity is 10. The two polymers are im-
three distinct complex fluids under simple shear flow, and weniscible [1], and we focus here on Pl volume fractions of
suggest that the pervasive nature of the response stems fraffl 70 by mass. Mixtures were prepared via solution blending
a shared coarse-grained scenario of soft viscoelastic domaiff9m methylene chloridgthe mass fraction of polymer in
suspended in a less viscoelastic fluid under shear, with thgo!ution =0.02 containing the appropriate amount af_each
characteristic features of the pattern arising from flow-component and a small amou@hass fraction X 10™ in
mediated interdomain interactions. The critical role of do-SOlution of antioxidant. Mixtures were stirred at room tem-
main elasticity is assessed via an effective Weissenberg nurR€rature for one day and filtered. The solvent was then re-
ber, the magnitude of which suggests that the pattern migHfioved under an atmosphere of flowing nitrogen gas, and the
be viewed as a collection of weakly interacting localizedS@Mples were dried in a vacuum oven at room temperature
instabilities. for several days. Measurements were performed at 130° C.

Two quantities of fundamental interest in the shear re-1Ne samples were heated from room temperature and an-
sponse of multiphase fluids are the structure fa&a) and _ngqled for 30 min before shearing to obtain a reproducible
the two-point correlation function(r). Both are linked to a nitial morphology.

binary composition field(r) that maps the presence of het- The second system of interest is a physical nanoplatelet-

erogeneous droplets or domains. If the dispersed phase ﬁ)solymer gel in water. The colloidal nanoclégenoted LRD

- _ . _ . iS a synthetic hectorite material consisting of 30 nm diameter
found at positiorr, then zp(_r)—l, with =0 otherwise. The hydrophilic platelets of 1 nm thickne$2,3]. The polymer is
correlation function isc(r)=(y(r)¢(0)), where the brackets poly(ethylene oxidg (PEQ) of molar mass 19g/mol and
denote an ensemble average, and planar projectioc§ pf

I mean radius-of-gyratiof#] (Ry) 70 nm. The sample contains
can be compu_ted .from real-space mprogra[p]}sThe struc- - 3¢5 (mass fractiopclay and 2 %(mass fractioppolymer in
ture factor, which is often measured directly with small-anglejsijied, deionized water. The pH is maintained at 10 via the

light scattering, is the I_:ourler.trans.form afr), or the addition of NaOH and the ionic strength is maintained at
“power spectrum” of the field(r) in reciprocal spacgl]. At 133 mol/L NaCl. The solutions were gently mixed over the
any instant and location, the two-phase structure of thesggyrse of many weeks and were homogenous and optically
transparent prior to shearing, with a slightly opalescent ap-
pearance arising from the nanostructure of the clay platelets.
*Email address: erik.hobbie@nist.gov In equilibrium, adsorption of PEO segments onto the LRD
TAlso at Department of Materials Science and Engineeringsurface leads to the formation of a physical §&#6], with
Michigan Technological University, Houghton, Ml 49931. the diffuse polymer chains “bridging” neighboring clay par-
*Also at Department of Chemistry, Kyunghee University, Yongin, ticles, which feel a short-range electrostatic repul$g,5.
Kyungkido 449-701, Korea. The quiescent or equilibrium phase is miscible in the sense
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that the samples are macroscopically homogeneous witlihe three patterns are strikingly similar, and we note that
ideal clay dispersion. The equilibrium structure factor mea-analogous patterns are associated with shear-induced turbid-
sured with small-angle neutron scattering exhibits a broadty in semi-dilute polymer solution§9] and shear-induced
isotropic shoulder atj,~0.08 nmi!, corresponding to an clustering in thixotropic clay gelgl0], to name just two of a
equilibrium spacing between platelets @£ 27/qy=80 nm  vast number of systems that exhibit this pattern in shear flow.
[6]. All measurements were performed at 25 °C. A common coarse-grained scenario for all three systems
The third system of interest is a semidilute carbon nanowould appear to be viscoelastic domains suspended in a less
tube suspensiorf7]. The multiwalled carbon nanotubes viscoelastic fluid under shear at significdd0—-20 % vol-
(MWNTs), grown via chemical vapor deposition, have aume fraction. To further explore and quantify the link be-
mean diameted~50 nm (polydispersity=1.2) and mean tween this pattern and the disparate elasticity of the dispersed
length L=12 um (polydispersity =2.0). The suspending and continous components, we use steady and oscillatory-
polyisobutylene fluidPIB, M,=800,R,~1 nm) is Newton-  shear rheometry. Figure 2 shows steady-shear rheology data
ian over a broad range of shear rates, with a shear viscosifpr each phase in each of the three scenarios. In Faj.tBe
of 10 Pa s at 25 °C, where the measurements described hed@stinction between the two phases is trivial; however, this is
were performed. Dispersions were prepared by dissolving theot the case in Figs.(B) and 2c), where the domains appear
PIB in sonicated MWNT-toluene suspensiofig, which in response to shear and the exact composition is less clear.
were stirred continously as the solvent was removed. Th&or the sake of simplicity, we compare the steady-shear re-
suspensions of interest contain X302 mass-fraction sponse of the physical clay-polymer gel with that of the pure
MWNT in PIB and are semidilute, with nL®>  polymer solution to qualitatively assess the viscoelastic
=(4/m) ¢o(L/d)?~125 and nL%d=(4/m)¢y(L/d)=0.5 asymmetry presentin Fig(H). For the nanotube suspension,
where n is the number of tubes per unit volume agg the domain volume fraction can be computed from optical
~1.7x 1072 is the volume fraction. The nanotubes in PIB micrographs, with the domains containing on the order of
are nonsedimenting and non-Brownian, with a Peclet numbe8 % MWNT by mass in a suspending fluid of pure HIB,
of order 1@ or higher[7]. and a homogeneous suspension of 3% MWNT by mass in
The in situ scattering/microscopy instrument is describedPIB was thus prepared to mimic the composition of domains
in detail elsewherg8]. The flow is along thex axis, with a  in Fig. 1(c). At an approximate internal shear rajg=y/2
constant velocity gradient along the axis and vorticity [11], each of the three systems exhibits emergent elasticity in
along thez axis [Fig. 1(a)]. Measurements are taken in the the dispersed phase, which we quantify in terms of an ap-
x-z plane, with light-scattering patterns and real-space optiproximate Weissenberg number2], Wi=N,/ oy, evaluated
cal micrographs collected simultaneously. The samples arat y4 (indicated by a vertical dashed linewe find Wi
confined between two parallel quartz plates separated by &2.5,4.5, and 2, for the blend, gel, and suspension, respec-
variable gaph. The upper plate rotates at an angular speedively. In contrast, the continous phase in each of the three
that sets the shear ratg=dv,/dy, at a fixed point of obser- scenarios is essentially a viscous fluid.
vation 2.5 cm from the center of the 4 cm radius plates. Figure 3 shows small-amplitude oscillatory shear mea-
Controlled-stress and controlled-strain rheometers in conesurements of the complex shear modulGs(w)=G’ +iG”
and-plate and parallel-plate configurations were used forGe?, performed in the linear viscoelastic regime on both
steady-shear measurements of the shear viscogityshear the dispersed and continous phase for each of the three bi-
shress(ayy), first normal stress differenceN,=o,,—-0,),  nary systems. As before, the two phases in Fg) 8re pure
and linear-viscoelastic measurements of the complex she& and PB, respectively, while in Fig(ly we assume that
modulus,G" (w). the gel-like macrodomains have approximately the same
composition as the equilibrium gel and reside in a 2 % poly-
mer (PEO solution. In Fig. 3c), the continuous phase is
again taken to be pure PIB, with diffuse domains containing
Figure 1 shows structure observed under sheadothe 3 % MWNT in PIB by mass. The oscillatory shear data fur-
polymer blend aty=75 s, (b) an analogous plot of shear- ther suggest that the dispersed phase in each of the three
induced macrostructure in the physical gelyat100 s*, and  scenarios is of more or comparable viscoelsticity than the
(c) transient structure exhibited by the semidilute MWNT continuous phase. The analog of the Weissenberg number for
suspension, where diffuse aggregates form after quenchingscillatory shear is the inverse of the loss tangent(&ot
the initially homogeneous non-Brownian dispersion yo =G'/G”, which we evaluate ab= 1, to get 0.50, 4, and 3.5
=0.03 s'. In all three cases, a similar morphology leads tofor the blend, gel, and suspension, respectively. The vertical
analogous patterns i8(g) and c(r). The structure in Fig. dashed lines indicate the characteristic angular frequency
1(a) is somewhat distinct from the other two systems in thatthat we heuristically associate with the applied steady shear
the quiescent phase is immiscible and thus macroscopicallsate. This analysis further quantifies the domain elasticity
inhomogeneous, whereas the structurédnand(c) is shear and in each case classifies the suspending fluid as only
induced. Additionally, the patern in the MWNT suspension isweakly viscoelastic.
transient, ultimately giving way to analogous coarser struc- The structure of(r) is shown in Fig. 4, which plots(x;)
tures as a function of timgr]. Due to the macroscopic size as a function ok;/ & for each of the three systems, where the
of the MWNT domainsS(g) cannot be measured with light quantity in parentheses is the characteristic length scale used
scattering, but is obtained as an FFT of the compufedl  to reduce the horizontal axis. Also shown(ly) is the expo-

Ill. RESULTS AND DISCUSSION
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FIG. 2. Steady-shear response of the dispersed and continuous
phase for the three fluids depicted in Fig. 1, where the vertical
dashed lines indicate the approximate shear rate inside a domain,
v4= /2. An approximate Weissenberg numligei ) for the drop-

FIG. 1. (a) Light-scattering pattern and binary micrograph let phase, defined as the ratiodf to oy, evaluated atyy, is indi-
(scale bar=2Qum) of an asymmetric polymer blenPl volume cated in each case. (@), values at the highest shear rate measured
fraction =0.20,T=130° C, y=75 s'1), with the flow geometry as are used to estimate Wi.
indicated and a gap of 40@m (b) Analogous plot of shear-induced . ) .
macrostructure in a physical colloidal g&dcale bar=2Qum, T nentlal fjecayc(xi):exq—inlgi), _Wh'Ch we use in the
=25° C, =100 s%) of 2% polymer (PEQ and 3% nanoclay — 0 limit to extract the correlation lengthg, and &, [1].
(LRD) in water. The volume fraction of domains is 0.20 and the gapAlthough the presence of correlation minimadir) implies
is 450 um. The pattern is evident in bott(r) (right) and S(q) that the structure isot random alongk, interactions are less
(lowen). (c) Transient structure in a semidilute nanotube suspensiofmportant in the limit of small displacements, and this analy-
(scale bar=6Q:m) 15 min after quenching an initially homoge- SIS gives a consistent measure of size, shape, and position in
neous dispersion(0.5% MWNT by mass,T=25°C) to ¥y the x-z plane. The structure shown in Figia@}, with a weak
=0.03 s. The pattern is evident in(r) and its FFT,S(q) (lowen). minimum along the axis, is universal to the pattern in ques-
The volume fraction of domains is approximately 0.2 and the gagion, which has correlation minima symmetrically positioned
is 50 um. along the flow direction in th&-z plane. In all three of these

Oy (black), N, (gray) (Pa)
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0.01 0.1 1 10 100 might arise from the unstable nature of the domains. For an
w (rad/s) isolated viscoelastic droplet in shear flow, it has been dem-

onstrated that internal elastic forces related to the first normal

FIG. 3. Linear-viscoelastic response of the dispersed and contistress differenc@l; lead to droplet elongation along the vor-
nous phase for the three fluids depicted in Fig. 1, where the verticdicity axis, while the “orbits” of such isolated droplets are
dashed lines indicate the characteristic frequency that we qualitdnherently unstable, showing irregular “rocking” motion
tively associate with the applied shear rate. In each case, the inverggmewhat reminiscent of the periodic orbits exhibited by
loss tangentdefined as the ratio of st_orage to loss moduksalu- |’|g|d rods [1,14. A Suspension of such drop|et5 would ex-
ated at the characteristic frequeney /2 is indicated. hibit this same tendency, albeit with a much more compli-

cated flow field. We suggest that “crowding” of these orbits

systems, the correlation lengths reflect the mean domain sizelong the direction of flow might give rise to interaction
which is dictated by a balance of flow-induced viscous anceffects, evident as correlation minimumdtr) and lobes of
elastic forces, which will tend to rupture the domains, andstrong scattering if8(q). As this tendency emerges with in-
the effects of surface tension, bond strength, and frictiongcreasing Wi, it falls within the broader context of “elastic
which will tend to hold the domains together. turbulence’[15], with the instability occurring on a localized
scale and interactions giving rise to the characteristic pattern.
A detailed analysis of the three systems considered here sug-
gests a critical Weissenberg number of around 0.5. We con-

Tanaka[13] has suggested that binary fluids with vis- clude by noting that any system with weak periodicity and
coelastic asymmetry fall into a distinct class of phase-weak elongation along two sets of perpendicular axes will
ordering kinetics. Our results suggest that the same might bexhibit this same pattern, which itself is much broader than
true of the morphology of such fluids in response to sheathe specific context of interest here.

IV. CONCLUSIONS
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