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Shear-induced structure in polymer–clay nanocomposite solution
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Abstract

The equilibrium structure and shear response of model polymer–clay nanocomposite gelsare measured using X-ray scattering, lig
scattering, optical microscopy, and rheometry. The suspensions form physical gels via the “bridging” of neighboring colloidal clay
by the polymer, with reversible adsorption of polymer segments onto the clay surface providing a short-range attractive force. As
disrupts this transient network, coupling between composition and stress leads to the formation of a macroscopic domain patt
the clay platelets orient with their surface normal parallel to the direction of vorticity. We discuss the shear-induced structure, ste
rheology, and oscillatory-shear response of these dynamic networks, and we offer a physical explanation for the mesoscale shear response
contrast to flow-induced “banding” transitions, no stress plateau is observed in the region where macroscopic phase separation
observed platelet orientation is different from that reported for polymer–melt clay nanocomposites, which we attribute to effects a
with macroscopic phase separation under shear flow.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Polymer–clay nanocomposites have attracted signifi
interest because they exhibit synergistic behaviors der
from the two disparate components. Unique or enhanced
chanical, electrical, opticalor thermal properties have bee
observed for both bulk and solution nanocomposites [1–
Such improvements in physicalproperties with the addition
of nanoclay platelets are often influenced by the polym
clay interaction and the state of dispersion or exfoliation
general, good adhesion and favorable interactions betw
polymer and clay are necessary to achieve good exf
tion, which has in turn been found to be largely respo
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ble for property enhancement. Furthermore, incorpora
nanoscale platelets into a polymer matrix, as oppose
larger more conventional reinforcing agents, may also in
crease the light transmittance, allowing the preparatio
transparent nanocomposite materials.

Poly(ethylene oxide) (PEO) and the synthetic hecto
clay Laponite (LRD) form viscoelastic solutions in wat
[12–14]. In equilibrium, adsorption of PEO segments o
the LRD surface [13] leads to the formation of a transi
network or gel, and the diffuse polymer chains serve a
way of “bridging” neighboring clay particles, which feel
short-range electrostatic repulsion [13,15,16]. The quies
or equilibrium structure is thus disordered or miscible
the sense that the suspensions are macroscopically hom
neous with ideal clay dispersion, or model clay exfoliati
Such PEO–LRD solutions are transparent and have goo
terfacial adhesion between the polymer and clay, and t
characteristics are maintained in bulk materials to the
tent that transparent nanocomposite gels can be prep
from well-dispersed polymer–clay solutions. From a pra
cal point of view, this suggests the possibility ofdeveloping
strong yet transparent films, coatings, and membranes wi
enhanced barrier properties associated with alignment o
clay nanoplatelets.

http://www.elsevier.com/locate/jcis
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As noted above, PEO–LRD suspensions can form p
ical gels via the dynamic adsorption–desorption of po
mer segments onto the surface of the platelets, and t
interactions greatly affect the viscoelastic properties
shear response of the mixtures, which in turn is relevan
the flow processing of clay nanocomposite melts and
lutions. In the presence of polymer, the large aspect r
of the clay may also lead to supramolecular organizat
and structures under shear, reminiscent of other mesos
systems such as liquid crystalline polymers, surfactant
block copolymers. The influence of shear on PEO–LRD
lutions has been investigated via small-angle neutron s
tering (SANS), from which the shear-induced anisotrop
the nanoscale can be determined [14]. Such measurem
suggest that when subjected to sufficient shearing, the
platelets orient with their surface normal along the vortic
ity direction. We have also used SANS measurements
formed on contrast-matched samples and samples in
D2O to deduce the shear-induced orientation of the poly
with respect to the clay platelets. With increasing shear
the clay colloids orient first, with the polymer chains start
to stretch along the direction of flow at higher shear rate

The goal of the present study is to further probe ma
scopic changes in these solutions under shear using rh
etry, light scattering, and optical light microscopy. Sim
taneous shear light scattering and optical microscopy a
for a direct comparison of the morphological structure
served in both real and reciprocal space [17]. Here, we fo
on the shear response of PEO–LRD mixtures in which
polymer content is fixed at 2% and the amount of clay
varied, as well as the 2% polymer–3% clay solutions of
mary interest in our previous study [14]. The combination
SANS, light scattering, optical microscopy and rheome
provides a more complete physical picture of the shea
sponse of these intriguing suspensions, which in turn offe
clearer understanding of the shear-induced mesoscale
tures that can arise in response to the highly nonequilibr
conditions encountered during flow processing. Small
wide-angle X-ray scattering are used to fully characte
the equilibrium structure and extent of exfoliation of the
physical polymer–clay gels.

2. Experimental

2.1. Materials

The synthetic hectorite type clay Laponite RD5 (LRD)
was obtained from Laporte Industries Ltd. The poly(eth
ene-oxide) (PEO), with a molecular mass of 106 g/mol and
a radius of gyration(Rg) of approximately 100 nm, wa

5 Certain commercial materials and equipment are identified in this
per in order to specify adequately the experimental procedure. In no
does such identification imply recommendation by the National Institu
Standards and Technology nor does it imply that the material or equipmen
identified is necessarily the best available for this purpose.
e

c

ts

e

-

-

obtained from Polysciences Inc. NaOH and NaCl were
tained from Aldrich. All reagents were used as receive
The samples were prepared as described previously
A stock solution was preparedby adjusting the pH and ioni
strength of distilled, deionized water to 10 and 10−3, re-
spectively. PEO and LRD were then added to this solu
in varying amounts. The samples were hand mixed for
eral minutes and centrifuged for 30 min each day over
course of several weeks. All samples were homogene
isotropic, and transparent prior to measurement. The
ous mixtures are denoted PEOx–LRDy, wherex andy are
the percent mass fraction of polymer and clay, respectivel
Details of the SANS measurements and the corresp
ing data are described elsewhere [14]. These measurem
were performed on the NG-7 30 m SANS instrument at
NIST Center for Neutron Research (NCNR) using a C
ette flow cell. The geometry of shearing is in thex–y plane,
with flow along thex-axis, a constant velocity gradie
along they-axis, and vorticity along thez-axis. The SANS
measurements probe structure over the interval 0.03< q <

1.42 nm−1, whereq = 2π sin(θ/2)/λ is the scattered wav
vector. Two different scattering geometries were used to
cure measurements in both thex–z andy–z planes [14].

2.2. X-ray scattering measurements

Quiescent, time-resolved simultaneous synchro
small-angle X-ray scattering and wide-angle X-ray diffr
tion measurements, SAXS/WAXD, were performed on
Advanced Polymers Beamline, X27C, at the National S
chrotron Light Source (NSLS), Brookhaven National La
ratory (BNL). The wavelength of the incident X-ray bea
was λ = 1.366 Å, and the beam size was approximat
0.4 mm in diameter at the sample position. Synchro
X-rays were collimated using a tapered tantalum pinh
collimator. The SAXS/WAXD profiles were recorded b
two linear position sensitive detectors (European Mole
lar Biological Laboratory, EMBL), with sample-to-detect
distances of 1788 mm for SAXS and 220 mm for WAX
The SAXS scattering angle was calibrated with silver
henate and the intensity was normalized by incident b
fluctuations and calibrated with a LUPOLEN standard. T
WAXD pixel resolution and the diffraction intensity we
calibrated by comparing the synchrotron data with Siem
Hi-Star X-ray diffractometer data (CuKα) in θ–θ reflection,
and were corrected for detector nonlinearity and the empt
beam scattering. The X-ray scattering measurements p
structures smaller than 60 nm.

2.3. Rheometry

Oscillatory-shear, steady-shear, and stress-relax
measurements of the suspension rheology were perfo
on a Rheometric Scientific ARES instrument. Oscillato
shear measurements were taken in a parallel plate confi
tion with 50 mm diameter plates, and steady-shear visco
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and stress-relaxation measurements were performed i
same configuration using 25 mm diameter plates. A Rh
metric SR-5000 instrument with a 40 mm cone-and-p
geometry was also used to measure the steady shear v
ity and the corresponding shear and normal stress. A f
sample was used for each measurement. A pool of low
cosity silicon oil was used to seal the sample to avoid w
evaporation. Duplicate measurements showed excellen
producibility, with a relative standard uncertainty of le
than 8%, where this corresponds to 2 standard devia
in the total experimental uncertainty.

2.4. Shear light scattering and optical light microscopy

The shear light-scattering photometer with optical lig
microscope was constructed at the National Institute of S
dards and Technology [18]. The instrument provides r
and reciprocal-space measurements under steady shea
length-scales greater than 1 µm in thex–z (flow–vorticity)
plane. The small-angle light-scattering detector and the
croscope share the same mainframe. A simple transla
switches the instrument from reciprocal-space to real-spac
mode. Samples were sheared in a parallel plate config
tion with a 0.5 mm gap. A beam of light from a 15 m
He–Ne laser (λ = 632.8 nm) comes in from the top, and th
scattered light is collected by two condensers and a the
electrically cooled CCD detector and is sent to a PC in
face through an optical fiber. Due to the predominance
water in these suspensions, phase-contrast light micros
was employed. This real-space imaging technique exp
the small difference in refractive index between the flo
induced structure and the surrounding solution. The p
jection of an incoherent light source through a phase
focuses an annulus of the incident beam onto the phase
of the microscope objective, which has a deposit on its
nulus that retards the phase of the undiffracted beam
attenuates its intensity to the level of the diffracted be
with the two recombining at the image plane to form the
age. The magnification is such that the power spectrum
this image in reciprocal spacecan be compared directly wit
the light scattering pattern.

3. Results and discussion

3.1. Equilibrium structure and rheology

Over the range of polymer and clay compositions stud
equilibrium transitions from liquidlike to gellike behavio
can be achieved by adjusting the clay and polymer c
tent. In the current study, we examine the interaction of P
and LRD in solution and how this influences the obser
shear-induced structural changes. Small-angle X-ray s
tering measurements were used to verify the dispersio
polymer and clay in water, as shown in Fig. 1a. As expec
s-

-

er

-

y

e

Fig. 1. (a) Small-angle X-ray scattering (SAXS) profiles of the quiescent so
lutions as a function of clay mass fraction, where the increase in low-a
intensity arises mostly from form-factor scattering. A high level of disp
sion, or exfoliation, is inferred from the lack of the diffraction peaks usu
observed in intercalated clay structures. (b) Wide-angle X-ray diffrac
(WAXD) measurements as a function of clay loading, which shown only
amorphous peak characteristicof disordered systems.

the low-angle intensity increases with increasing clay c
tent. The suspended clay scatters strongly at lowq but the
lack of additional peaks further confirms exfoliation. In a
dition, power-law dependence with a slope of approxima
−2 was observed in the limit of lowq , consistent with the
form factor for disk-shaped 2D objects. The WAXD inte
sity is dominated by amorphous scattering and the patt
for solutions with and without clay are almost identical,
shown in Fig. 1b. The effect of temperature on the struc
was also investigated (insert Fig. 1a), and little change
observed between 25 and 80◦C.

Rheological measurements on pure (2%) PEO, pure (
LRD, and a variety of PEO–LRD mixtures were used to
sess the polymer–clay interaction and quantify the viscoe
tic nature of the aqueous suspensions. Due to the aniso
of the clay platelets, the structure and rheology of p
Laponite solutions are themselves quite complex, and t
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Fig. 2. (a) The storage modulus as a function of percent strain and clay
ing for the polymer–clay solutions, which show linear-viscoelastic beha
over a broad range of strain. (b) The storage and loss modulus as a fu
of angular frequency and clay mass fraction, showing the evolution from
shear-thinning fluid (PEO2–LRD0) and orientational glass (PEO0–LRD3
to physical gel (PEO2–LRD3).

topics have been the subject of previous research [15
Even at concentrations as low as 1% clay by mass, the l
time annealed state appears to be an orientational gel or
in which the platelets are not physically bonded to one
other but their rotational freedom is frustrated by rand
packing [15,19].

Strain sweep experiments were first performed to de
mine the limiting strain(γ ) for linear viscoelastic (LV) be
havior, which showed an onset of nonlinearity atγ = 3%,
as shown in Fig. 2a. Oscillatory measurements were th
fore performed atγ = 2%, ensuring a LV response in th
frequency-sweep experiments used to measure the com
shear modulus,G∗(ω) = G′(ω) + iG′′(ω), whereω is the
angular frequency. The real and imaginary parts ofG∗ (the
storage and loss moduli, respectively) were measured
pure (2%) PEO, pure (3%) LRD, and PEO2–LRDy solutions
with varied clay content,y, as shown in Fig. 2b. The cha
acteristic time(2π/ω) at whichG′ exceedsG′′ is defined
.
-
s

-

x

as the terminal relaxation time. The pure 3% clay sh
solidlike behavior, withG′ being significantly larger thanG′′
and nearly independent of frequency over the probed rang
of frequencies. The pure PEO solution, on the other h
shows a liquidlike response(G′′ > G′), with a terminal re-
laxation time less than 0.06 s. Upon the addition of 1% c
(PEO2–LRD1), the terminal relaxation time becomes ac
sible to the experimental frequency window, suggesting
the addition of clay retards the longest relaxation of the P
chains. Solutions with higher clay content did not show
minal relaxation at angular frequencies as low as 0.1 ra/s,
corresponding to times longer than 60 min. The solid
response of the samples becomes more pronounced wi
creasing clay content. A scaling exponent(n) is often used
to characterize the power-law dependence ofG′ on ω. The
exponent for PEO solutions without clay is 1.1, deviat
significantly from the expected terminal value of 2, possi
due to polydispersity and/or entanglement effects. Since
response measured at low-ω is near the instrument’s lowe
sensitivity limit, it is also possible that the terminal regime
simply not accessible. The scaling exponent of PEO2–LR
decreased to 0.95, but the response of this system is
essentially that of a viscoelastic liquid. The behavior of
lutions containing 3% clay is strikingly different from tho
containing 1% clay. At a clay mass fraction of 3%,G′ is en-
hanced with respect to the pure 3% clay at high frequen
which we attribute to the formation of a transient network
which clay platelets are “bridged” by the PEO. The effect
exponentn is 0.25 for PEO2–LRD2 and 0.06 for PEO
LRD3.

The steady shear viscosity(η) and the shear stress(σxy)

were also measured as a function of shear rate(γ̇ ) and clay
composition. For the pure LRD solution, applying stea
shear reorients the platelets, and this yielding leads to
constant shear-thinning behavior, withη ∝ γ̇ −1 (Fig. 3a).
By contrast, the pure PEO solution behaves like a sh
thinning viscous fluid, with a Newtonian plateau at low sh
rates. The incorporation of LRD into the polymer soluti
increased the zero shear viscosity(η0) and shifted the onse
of shear thinning to lower shear rates. This trend contin
with increasing clay content. At 2% polymer and 3% c
(PEO2–LRD3), a Newtonian plateau could not be obse
at shear rates as low as 10−4 s−1, and the system showe
strong shear thinning behavior at low shear rates, simila
that of the pure clay solution. An excess viscosity with
spect to the pure clay solution, however, is apparent at
shear rates. Fig. 3b shows an analogous plot of the s
stress, which does not show any plateau over the rang
shear rates of interest. The first normal stress difference(N1)

for PEO2–LRD3 (Fig. 4) is negative at low shear rates,
coming positive above a critical shear rate of approxima
5-to-6 s−1. Measurements of this quantity were not rep
ducible in samples of pure 3% clay in water and gave
detectable signal in samples of pure 2% PEO. The pos
significance of a negativeN1 is discussed at the end of th
paper.
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Fig. 3. (a) The steady-shear viscosity as a function of shear rate
2% polymer solution, a 3% clay solution, and polymer–clay solutions (2%
polymer) at various clay concentrations (1, 2, and 3% by mass) at 25◦C.
(b) Analogous plots ofσxy vs shear rate do not show any stress plateau

One approach to better understand the interaction
tween the polymer and clay is to examine the step-strain
laxation spectrum,G(t). A window that fully describesG(t)

can generally be obtained via shifting data collected at
ferent temperatures with respect to a reference temperatu
using time–temperature superposition. To this end, we m
suredG(t) at smallγ between 20◦C and 75◦C, as shown in
Fig. 5a. For all temperatures, the PEO2–LRD3 sample
hibits a short-time relaxation, followed by a nearly const
modulusG0, which eventually relaxes fully at long time
However, an unexpected increase inG0 was observed as th
temperature increased, indicating that the gel strength
creased with increased temperature, possibly due a stro
polymer–clay interaction. In addition, the relaxation tim
appears to increase with increasing temperature, also indica
tive of stronger associative interactions between the poly
r

Fig. 4. The first normal stress difference,N1, as a function of shear rate for
2% polymer–3% clay solution (PEO2–LRD3) at 25◦C, with a reproducible
transition from negative to positiveN1 at the indicated shear rate.

and clay. To verify this, bothG′ andG′′ were measured a
a singleω (1 rad/s) under a smallγ (2%) as a function
of temperature (Fig. 5b). BothG′ and G′′ increased with
increasing temperature, in agreement with an enhanced ge
tion at higher temperatures. Since water becomes incr
ingly poor solvent for PEO as the temperature increase
is also possible that the temperature increase may affec
bridging capability. If the adsorption of PEO segments o
the LRD surface is viewed within the context of the eth
oxygens of the PEO—which act as a Lewis base—hav
a strong affinity for Bronsted acid sights on the LRD [1
then this temperature dependence might reflect an increas
in the availability of these sights at higherT , although this
question is open to further investigation.

3.2. Optical measurements of shear-induced structure

The rheological measurements suggest that the PE
LRD3 sample is particularly intriguing, as a dynamic n
work appears to form via polymer–clay adsorption–
sorption. Our previous small-angle neutron scattering (SA
measurements demonstrated the effect of shear on s
ture at the length scale of polymer and clay [14]. To gai
more complete understanding of the shear-induced struc
transition, static light scattering coupled with optical lig
microscopy was used to probe PEO2–LRD3 nanocom
ite solutions under shear. As mentioned above, a visco
enhancement (with respect to pure PEO and pure LRD s
tions) was observed for PEO2–LRD3 at high rates of sh
Optical turbidity measurements atλ = 632.8 nm (Fig. 6)
suggest that this viscosity enhancement is accompanied by
shear-induced macrostructure, evident as a modest dec
in transmission with increasing shear rate. The absolute
bidity is 	−1 ln(I0/I), where	 is the gap thickness,I0 is
the initial intensity, andI the transmitted intensity. The tu
bidity decreases after reaching a maximum in the vicinity
of 100 s−1, suggesting dissolution of these domains ab
a threshold shear stress. We suggest that the macrodo
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Fig. 5. (a) Step-strain relaxation spectrum,G(t), at temperatures betwee
20 and 75◦C. (b) BothG′ andG′′ at a single frequency (ω = 1 rad/s) and
small strain(γ = 2%) as a function of temperature.

can be viewed as intact remnant “droplets” of the phys
gel suspended in a surrounding fluid containing unassoc
clay and polymer. The enhanced clay composition wit
the fragments, as well as orientation of platelets within th
coherent structures, gives rise to the weak optical con
between domain and solvent.

Small-angle light scattering patterns from PEO2–LR
measured in situ at various shear rates are shown in F
Little or no scattering was observed at low shear rates, w
the system is transparent and isotropic. A characteristic
terfly pattern starts to emerge atγ̇ ≈ 5 s−1, with the pat-
tern being most pronounced for shear rates between 10
100 s−1. The light-scattering pattern begins to deteriorat
higher shear rates, consistent with the measured decre
turbidity shown in Fig. 6. The scattering is weak and nea
isotropic at both 300 and 500 s−1, at which point lowering
the shear rate causes the system to undergo rapid relax
back to patterns previously observed at lower shear r
The experiment was repeated several times on the s
t

.

d

in

n
.
e

Fig. 6. The percent light transmission (atλ = 632.8 nm) and the absolut
turbidity of PEO2–LRD3 as a function of shear rate, where the pres
of macroscopic domains 1-to-10 µm in size is apparent as a decrea
transmission and an increase in turbidity above a critical shear ra
5-to-10 s−1. The appearance of these domains also coincides with the
sition from negative to positiveN1 depicted in Fig. 4.

Fig. 7. Small-angle light scattering patterns for PEO2–LRD3 as a fun
tion of γ̇ , with the flow (x) and vorticity (z) directions as indicated. Th
width of each pattern subtends an angle of 27◦ . The domain pattern i
first apparent aṫγ ≈ 5 s−1 and is strongest when the turbidity exhib
a maximum (50-to-100 s−1), with the pattern disappearing at very hi
shear rates, where the sample is again transparent. As discussed in th
the wing-like lobes reflect weak periodicity along the direction of flow
the spacing of vorticity-aligned “droplets”. Analysis of simultaneously ob
tained real-space micrographs (Fig. 10) gives a mean domain size of arou
5 µm, somewhat independent ofγ̇ , with weak “liquid-like” order along the
x-axis (Fig. 11).

sample, and the response is reproducible. Samples of
PEO (PEO2–LRD0) and pure LRD (PEO0–LRD3) show
no shear-induced optical structure that was discernable
light scattering and microscopy.

Fig. 8 shows projections of the patterns depicted in Fi
along the flow(x) and vorticity(z) axes, where the two se
of data have been shifted by a factor of 5 and the incohe
background has not been removed. All of the scattering
can be well described by either a Gaussian or a Lorentzia
the low-q limit, or a squared-Lorentzian in the high-q limit,
but no simple expression adequately describes the data
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Fig. 8. Projections of the scattering intensity,S(q), along the flow(x) and
vorticity (z) axes as a function of shear rate for the data depicted in F
(PEO2–LRD3). The scattering intensity along thex-axis has been multi-
plied by a factor of 5 for offset and clarity. The incoherent background ha
not been subtracted from these data.

the entireq-range, suggesting that the data might be w
characterized by a linear superposition of these two tre
We have not pursued such an approach here, as it involv
free parameters over a limited range ofq , and in our opin-
ion thus offers limited physical insight. Equivalently, t
background-corrected scattering data exhibit a qualitativ
crossover fromq−2 behavior at low/intermediate-q to q−4

behavior at high-q , where the latter would appear to be co
sistent with sharp domain interfaces [17]. Somewhat m
quantitatively, varying the background as a free param
leads to power-law fits of the formq−D, with D varying
from around 2.5 at low-̇γ to 1.5 at high-̇γ along bothx̂
andẑ. Such fits are restricted to less than 0.75 decades, h
ever, and an interpretation in terms of “fractal” structu
is thus not pursued here. Asymptotic fits to the express
described above yield characteristic length scales, or co
lation lengths, that depend only weakly onγ̇ and sugges
broad elongation of domains along the vorticity axis, w
ξz > ξx . This anisotropy can be seen directly in the lobes
strong scattering evident in the 2D patterns. As discusse
more detail below, as well as in Ref. [20], these lobes refl
weak periodicity arising from enhanced domain–domain
teractions along the direction of flow.

The butterfly scattering pattern has been observed f
variety of systems under shear. These include dilute poly
solutions, polymer blends and gels, but more directly r
vant to the system under consideration, it has also rece
been observed in polydimethylsiloxane fluids filled with c
loidal silica, where it is attributed to the shear deformat
of large colloidal aggregates arising from polymer bridg
of the silica particles [21]. A similar-shear induced patte
has also recently been reported in thermoreversible ge
organophilic colloidal silica in hexadecane [22], where the
-

Fig. 9. Optical micrographs of a PEO2–LRD3 suspension under st
shear flow, where the flow direction is to the right and the vorticity dir
tion is vertical. The shear rate is indicated in the upper right corner, an
width of each micrograph is 150 µm.

is no polymer bridging between colloidal particles. Patte
of this type have been attributed to the formation of lar
scale structures due to increased spatial inhomogeneity
concentration fluctuation under shear, and the relatio
“banding” in sheared complex fluids has been recently
viewed by Vermant [23]. We note that there are some strik
similarities between the clay system we consider here
the colloidal structures described in Refs. [21–23], and
discuss this point in greater detail at the conclusion of
paper.

As in Ref. [21], the formation of shear-induced mac
structure observed in our polymer–clay system can
imaged directly using in situreal-space optical light mi
croscopy, as shown in Fig. 9. These stroboscopic image
obtained simultaneously with the small-angle light scat
ing patterns. Like the light-scattering patterns, these ima
also suggest broad alignment along the vorticity axis, w
a domain size that is somewhat independent of shear
Where the scattering and turbidity are weak, the contra
the micrographs is weak, and where the scattering and
bidity are strong, this contrast is large.

The combined optical measurements of shear-indu
macrostructure aṫγ = 100 s−1 in the x–z plane are shown
in Fig. 10. From ensembles of light microscopy imag
we compute the two-point composition correlation funct
(Fig. 10b). This is calculated by first making the micr
graph (Fig. 10c) into a binary image (Fig. 10d), which
used to computec(r) = 〈ψ(r)ψ(0)〉, where the fieldψ(r)
denotes the local composition of macroscopic domains
tained from the optical light micrographs in a manner t
is consistent with the measured turbidity [24], withψ = 1
inside a domain (black regions) andψ = 0 otherwise. The
measured light scattering pattern,S(q) (Fig. 10a), and the
correlation function,c(r), are related by a Fourier transform
At intermediate shear rates (10-to-100 s−1) the domains ex
hibit broad elongation along the vorticity axis and we
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le
Fig. 10. Combined optical measurements of shear-induced macrostructure(γ̇ = 100 s−1, PEO2–LRD3) in thex–z plane. Image (a) is the small-ang
light-scattering pattern,S(q). Image (c) is a corresponding real-space micrograph, which yields a map (d) (scale bar= 25 µm) ofψ(r), the local composition
of gellike domains. Image (b) is the two-point composition correlation function,c(r), computed fromψ(r).

Fig. 11. The figure shows projections ofc(r) along the flow(x) and vorticity (z) directions, and the inset shows analogous projections ofS(q), where the
incoherent background has been subtracted from the measured intensity. The cartoon depicts how biaxial internal stresses might orient the platelets in the
manner suggested by previous SANS measurements on identical suspensions.
ll-
of

ine

s is
data
la-
at
periodicity along the flow direction, as evidenced by we
defined correlation holes inc(r) (the real-space analog
the wing-like lobes of strong scattering inS(q)), which ap-
pear as a well-defined correlation minimum inc(x) shown
in Fig. 11. The correlation lengthsξx andξz characterizing
the spatial coherence of the domain pattern can be obta
 d

by fitting projections toc(xi) ≈ exp(−2xi/ξi) in thexi → 0
limit, where these projections are shown in Fig. 11. Thi
equivalent to the squared-Lorentzian fit of the scattering
in the high-q limit described above [20]. The mean corre
tion length,(ξx + ξz)/2, is on the order of 5 µm, somewh
independent of shear rate. The analogous projections ofS(q)
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Fig. 12. The measured microstructural (SANS) [14] anisotropy factorsΓzx

and Γzy as a function ofγ̇ for the sample depicted in Figs. 10 and
(PEO2–LRD3). The lower curve is the volume fraction of macrodomains
φ(γ̇ ), deduced from the measured turbidity. The inset shows the op
anisotropy factors,(Γxz)µ, obtained from both real-space optical data a
small-angle light scattering, where the difference in sign reflects the in
verted nature of the response in reciprocal space. Slightly negative v
of Γzy at low γ̇ are artifacts of curvature in the SANS shear cell.

(inset, Fig. 11) along both the flow(x) and vorticity(z) di-
rection show a transition from a power-law exponent of−2
to −4, suggesting the presence of sharp interfaces.

The complete mesoscale structure is depicted in Fig
The SANS anisotropy parameter obtained from our pr
ously published data [14] can be defined asΓij = [S(q0x̂i )−
S(q0x̂j )]/[S(q0x̂i ) + S(q0x̂j )] (i, j = z, x or z, y), where
q0 ≈ 0.08 nm−1 is the equilibrium spacing between platele
deduced from SANS [14],d = 2π/q0 ≈ 80 nm. Over larger
length scales, the optical anisotropy parameter can be
fined as(Γzx)µ = (ξz − ξx)/(ξz + ξx) (in real-space) o
[S(qcẑ) − S(qcx̂)]/[S(qcẑ) + S(qcx̂)] (in reciprocal-space)
where the wavevectorqc is taken as 1 µm−1. The turbid-
ity provides a measure of the average volume fraction
the segregated phase [24],φ(γ̇ ), which exhibits a maxi-
mum of around 0.20 in the vicinity of 100 s−1. The mi-
crostructural (SANS) anisotropy becomes quite develope
both planes as macroscopic phase separation proceed
tially, the macrostructure (inset) exhibits modest elonga
along the vorticity axis, but becomes more isotropic with
creasing turbidity at higḣγ . A cartoon of the shear-induce
mesostructure, spanning 5 decades in length scale, is s
as an inset in Fig. 11. In general, the gellike domains
a viscous shear stress,σxy , and an internal elastic stress,τe,
whereτe acts tangentially along closed internal streamli
in thex–y plane [25]. We suggest that the ‘biaxial’ nature
the total stress in thex–y plane might induce an orientatio
with n̂ parallel to thez-axis, although more detailed com
putational work would be needed to validate this somew
intuitive physical picture.
-

i-

n

4. Conclusions

We suggest that the response of the PEO2–LRD3 sus
sion can be qualitatively understood in terms of a criti
shear rate,̇γc. For γ̇ < γ̇c, the shear-induced reorientatio
of clay platelets is sufficiently slow that the polymer chain
have time to diffuse in a manner that accommodates yiel
of the orientational glass [15,19], andη thus resembles th
viscosity of the pure clay. Foṙγ > γ̇c, however, the platelet
move faster than the polymer can diffuse, fragmenting
quiescent network into macroscopic domains, leading to
cosity enhancement at high shear rates. Note that the cha
acteristic lifetime of the reversible polymer–clay attract
interaction is much faster than the time scales of releva
here [14]. An expression foṙγc can be derived by equatin
the time required for a platelet to translate the distanced in
response to the flow with the time required for the polym
to diffuse the same distance. Assuming Stokes–Einstein
fusion, this yieldsγ̇c ≈ 2kBT/6πηRg d2. Taking η as the
viscosity of the pure (2%) polymer solution (which com
prises the material between platelets) givesγ̇c ≈ 5 s−1, in
excellent accord with the data. Upon cessation of shear
domains quickly disappear and the samples become t
parent, consistent with a timescale for “healing” on the or
of γ̇ −1

c ≈ 0.2 s. It takes much longer, however, for the loẇγ
rheological response to recover.

It is interesting to note that the orientation observed h
is quite different from that observed in other polymer–c
nanocomposites subjected to shear stress. The effect of
on orientation in polymer–clay nanocomposites has b
previously studied by a number of groups, and in some c
the full three-dimensional (3D) orientation of the polym
and clay has been determined [26–34]. In the conventi
nomenclature, the two-dimensional clay platelets can a
in three possible orientations under shear flow, often refe
to as ‘a’, ‘b’, and ‘c’ [26]. In the perpendicular (‘a’) ori
entation, the surface normal aligns parallel to the vortic
(z) direction and the platelets lie in the plane of flow(x)

and shear-gradient(y); in the transverse (‘b’) orientation
the surface normal aligns parallel to the flow(x) direction
and the platelets lie in the plane of vorticity(z) and shear-
gradient(y); and in the parallel (‘c’) orientation, the surfac
normal aligns parallel to the shear-gradient(y) direction and
the platelets lie in the plane of flow(x) and vorticity(z).

The general or intuitive shear response of a nano
platelet in a polymer matrix is the ‘c’ orientation. This h
been described by earlier studies on Nylon–clay nanoc
posites [26]. Studies using in situ X-ray diffraction pr
vide direct evidence for rheology-microstructure linkag
in polypropylene nanocomposites [33]. Recent transmissio
electron microscopy (TEM) analysis suggests a hous
cards structure in polypropylene–clay nanocomposite m
under elongational flow [34]. Strong strain-induced hard
ing and rheopexy features at higher deformation origin
from a perpendicular alignment of the silicate to the stre
ing direction (‘b’ orientation). Although TEM is not an i
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situ technique, it did reveal differences in the shear-flow
sus elongational induced internal structure of the nanoc
posite melt. These nanocomposites have strong interac
between the polymer matrix and the silicate layers. In the
lutions described here, we observed the somewhat un
and unexpected ‘a’ orientation, which we attribute to effe
associated with macroscopic phase separation.

We note that when the viscosity data shown in Fig. 3a
recast as shear stress vs shear rate (Fig. 3b), no stress p
is observed with the formation of domains, suggesting
although such a plateau might be associated with ma
scopic phase separation within the context of shear ban
transitions [23,35,36], it is not universal to biphasic effe
in shear flow. We have suggested that the butterfly patt
that appear in sheared viscoelastic fluids can be unders
within a single universal framework that is intimately link
to the elasticity of the dispersed or cluster phase [37].
note that this interpretation is completely consistent with
behavior reported in Refs. [21] and [22], although its re
tionship to more well-studied rheological phenomena
shear banding is a point of continued research [23].

Also of note is the behavior of the first normal stress
ference measured for PEO2–LRD3. The negative value
der weak-to-modest shear correlates with the region of y
ing for γ̇ < γ̇c, and we note that negative first normal str
differences have been associated with director tumbling in
liquid-crystalline polymer melts [38]. It seems quite plau
ble, then, that the negative value ofN1 observed here reflec
a ‘tumbling’ or continuous reorientation of the platelets. T
idea would seem to be further supported by the observa
thatN1 becomes positive in the vicinity oḟγc, where domain
interfaces first start to appear and yielding of the platelets
starts to cease. We hope that the work described here
offer valuable physical insight into the broader phenome
of shear-induced structure in polymer–clay nanocompo
and help guide the development of rigorous theoretical m
els of flow-induced orientation in these remarkably comple
systems.
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