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Time-resolved small-angle x-ray scattering measurements of a polymer
bicontinuous microemulsion structure factor under shear
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In situ synchrotron x-ray scattering is used in conjunction with a novel annular cone and plate shear cell to
study the nonequilibrium structure factor of a polymer bicontinuous microemulsion within the flow-gradient
plane. At equilibrium the scattering is well described by the Teubner-Strey structure factor. In steady shear, the
structure factor becomes highly anisotropic, owing to loss of scattering intensity along the flow direction and
growth of intensity in peaks that progressively rotate towards the velocity-gradient direction. These results
contrast with the predictions of a time-dependent Landau-Ginzburg modeltpdl®and Dawson, which
generally predicts suppression of scattered intensity. The model assumption of a uniform velocity profile at the
microemulsion length scale may be inappropriate owing to high viscosity contrast between the constituents of
this sample. While the model anticipates a “stress-x-ray” rule, the data do not support its existence in this
system. Nevertheless, strong connections do exist between x-ray anisotropy and stress during transient flow
inception experiments. These connections break down upon flow cessation, where stress decays much more
rapidly than anisotropy in the structure factor. The mechanical response of this sample exhibits a Rouse-like
spectrum of relaxation times, whereas the second moment tensor used to characterize anisotropy in the struc-
ture factor exhibits nearly single-exponential relaxation. A phenomenological upper-convected-Maxwell/Lodge
model for the second moment tensor provides essentially quantitative predictions of the structural response in
step strain and oscillatory shear flow at moderate strains, although additional nonlinearity is found at higher
strains.
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[. INTRODUCTION the isopleth phase diagram is rather simpler than those found

in OWS systems. Figure 1 presents an example for the case
Self-assembly processes mediated by amphiphilic interacf a ternary blend of polgthyl ethyleng (PEE), poly(dim-
tions in surfactant systems are of intense theoretical anéthyl siloxang (PDMS), and polyethyl ethyleneb-dimethy!
practical interest. Ternary oil-water-surfacta@wWs) mix-  Siloxane (PEE-PDMS diblock copolymer5]. The blend is
tures can exhibit a rich array of ordered and disordered flui¢onstructed WithNpge~Nppys and Npge.ppms~5Npee, @

between oil-rich and water-rich domains where a subtle balary homopolymer blend is comparable to the order-disorder

ance between energetic interactions and entropic packin@ans't'on temperature of the pure symmetric diblock. This

considerations determine the interfacial curvature and hence

the morphology of the fluid phases. One particularly intrigu- 1604 Disordered

ing structural state is that of a bicontinuous microemulsion

[3] featuring a spongelike structure of interpenetrating net-

works of oil and water with surfactant at the interface. 120

Changes in the relative solubility of the surfactant in the oil %)

and water phases with temperature lead to a characteristic < 80+ 29

“fish-shaped” isopleth (vertical slice through the ternary & &

phase prism corresponding to a constant ratio of oil-to-water 40- 3

volume fractiong[1,2]. | Lamellar 4
Bates and co-workers have established that suitably de- o4 BuE \'? E

signed ternary polymer blends consisting of immiscible ho- '

mopolymers(A and B), and their corresponding diblodid- 00 02 04 06 o8 10

B), also exhibit an equilibrium bicontinuous microemulsion ' ' '¢ ' ' ’

phase4—8]. Due to the simpler temperature dependence of Homopolymer

the thermodynamic interactions in such polymer systg8hs FIG. 1. Isopleth phase diagram for ternary PEE-PDMS system,
at constant 1:1 ratio of PEE and PDMS homopolyifi¥ér A bicon-
tinuous microemulsion phase exists in a narrow composition chan-

*Corresponding author. Email address: nel at total homopolymer concentration of around 90 valifGet
w-burghardt@northwestern.edu shows schematic illustration of bicontinuous structure
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diagram is an isopleth in which the volume fractions of thein Ref.[17]. At low rates(“regime I") the response is New-
two homopolymers are equal, and is presented as a functidonian, andin situ neutron scattering experiments demon-
of total homopolymer concentration. At a block copolymer strate negligible perturbation t8(q). At somewhat higher
concentration of around 10 vol%near where mean-field rates(“regime 1l”) the viscosity shows shear thinning, and
theory predicts an isotropic Lifshitz poif4,9]), a bicontinu-  S(q) is rendered anisotropic by the flow. A further increase
ous microemulsion phase is found, which is stable over @ shear rate leads to more dramatic changes. In “regime
wide temperature range. This strategy has now been used I,” the shear stress exhibits a plateau that is independent of
create bicontinuous microemulsions in five different ternaryshear rate. The sample becomes turbid as a result of a shear-
blends of theA/B/A-B type [4,5,7,1Q, all exhibiting isop- induced transition to a phase-separated state. At still higher
leth phase diagrams similar to Fig. 1. More recently, biconshear rateg“regime IV”) stress once again increases with
tinuous microemulsions have also been found in ternaryncreasing shear rate. Eventually, all vestiges of the original
polymer blends of homopolymes and B with diblock co-  microemulsion scattering peak are eliminated, and the
polymer A-C [11]. Due to the possibility for different tem- sample behaves essentially like a phase-separated polymer
perature dependence in teB and A-C interactions, this blend under shear. The steady state rheology and structure
type of system may be constructed in a way to more closely18], transient rheology and structuf&9], and connections
mimic the “fish” phase diagrams found in OWS systems. between the quiesce®(q) and linear viscoelasticity of this
The free energy landscape underlying formation of biconsample[20] have all been described.
tinuous microemulsion phases was elucidated by Teubner In this paper, we focus on the nonlinear structural and
and Strey[12], who demonstrated that only three terms in arheological phenomengarior to the onset of bulk phase sepa-
Landau-Ginzburg free energy expansion are necessary tation. Although small-angle neutron scatteri®ANS) data
capture the essential features observed in neutron and x-ra@gmonstrate that shear thinning in regime 1l is associated
scattering patterns from microemulsion samples. Their exwith deformation of the microemulsion structyrkr, 18, the

pansion may be written as available data provide an incomplete picture of the structural
changes taking place within the microemulsion. As in most
F(p)=a,p?+ci(Vd)2+cy(V2eh)2, (1) SANS experiments under shear, our earlier studies employed

a Couette shear device in whi&fq) is probed only in the
where ¢ is the scalar order parameter. This expression leadfow-vorticity, or x-z, plane.(Following standard notation,
to the following form of the equilibrium structure factor we consider shear flow of the form= y(t)ye,, so that ‘x”
measured by scatteririd.2]: denotes the flow direction,y” denotes the gradient direc-
tion, and “Z" denotes the vorticity or neutral directionin
sheared complex fluids, the most significant structural
a,+c,02+c,q* 2 changes often take place within the flow-gradient,xey,
plane. While a neutron shear cell capable of probing this
The Teubner_strey structure factor, Ea), provides an ex- prOjeCtion of fluid structure has been ConStI‘UCted. by Noirez
cellent fit to scattering data on many bicontinuous micro-2nd Lapp[21], the comparatively long exposure times nec-
emulsions, both in the OWS systems and their more recentl§Ssary in neutron scattering limit its applicability to steady
discovered polymeric counterparts. The characteristic scaftate flows. We therefore employ a recently constructed x-ray
tering peak results from values of <0, which corresponds shear Cel[ modeled after the neutron shear ceII_of Noirez and
to a system whose free energy, within this phenomenologicd#aPp, which allows direct measurementsSgfy) in the x-y
framework, is lowered by the creation of interface. plane [22]. The high flux available at synchrotron sources
Polymers have proved to be exceptiona"y We"_suitedperm|t3 measurements with SUfflClent t-|me resolutlon to en-
model systems for studying microemulsion thermodynamicgbleé a comprehensive study of transient flow phenomena
and dynamic§4—7,10. This is due to the wide temperature such as shear inception and cessation, step strain, and oscil-
range over which the microemulsion phase is present, and #@tory shear.
the slowing of dynamic phenomena relative to OWS sys-
tems. While there have been detailed theoretical predictions Il. EXPERIMENT
of linear and nonlinear rheology of microemulsions on the
basis of time-dependent Landau-Ginzburg models such as
Eq. (1) [13,14], there are very few rheological data available PEE, PDMS, and the corresponding copolymer were syn-
on OWS microemulsion$15,16. These data show shear thesized using anionic polymerization; details on the synthe-
thinning in the viscosity, but experiments had to be per-sis procedures are available elsewhéie The samples used
formed at extremely high shear rat€10") s !, due to the here have molecular weights of 1710, 2130, and 10400, re-
rapid structural relaxation. spectively, with low polydispersitiesM,,/M,<1.1). The
This paper is a part of an ongoing study of rheology anddiblock copolymer is nearly symmetri¢,ge=0.52. In both
shear-induced structural changes in a PEE-PDMS polymeiomopolymer and copolymer, the PEE was deuterated by
bicontinuous microemulsiofi.e., the system of Fig.)LThis  saturating the precursor 1,2-polybutadiene with deuterium.
microemulsion sample exhibits a wide array of complexThe microemulsion sample was prepared with volume com-
rheological and phase behavior under flow. An overview ofposition of 10% copolymer, 45% PEE, and 45% PDMS.
the phenomena observed in steady shear flow has been givBoth the molecular weights and volumetric compositions of

So(q) =

A. Materials
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cone angle is 5°. Since the x-ray beam is horizontal, the

Heater

Anniar corie \ entire shear cell is mounted on a platform tilted to an angle
% of 2.5°,
-ray beam ) .. -
= 1 — The inner and out_er radu_ (_Jf the annular fixtures are 1.5
and 2.5 cm, respectively, giving a path length through the
Kapton . .
window sample of 1 cm. A thin barrier extends upwards from the
Annular plate P lower plate at the interior surface to help contain the sample;
cover however, the outer edge is free in order to reduce end effects

in the shear flow field. The two fixtures are machined from
FIG. 2. Schematic representation of annular cone and plataluminum, and mounted on ceramic posts to isolate them
x-ray shear cell. The cone angle is exaggerated in this image; thihermally from other shear cell components. Thin flexible
actual angle is 5°. heaters are glued to the faces of the fixtures opposite from
the sample, and are driven by a controller that monitors tem-

this sample render it roughly symmetric in a thermodynamid€rature using a thermocouple embedded in the lower plate.
sense, a condition that facilitates formation of the bicontinu- The portion of the shear cell containing the fixtures may
ous microemulsion phagd,9]. However, the sample is very be enclosed using clear acrylic covers with Kapton windows
asymmetric dynamically; for instance, at 20 °C, the viscosifor the incident and scattered x-rays. This permits a helium
ties of the PEE and PDMS homopolymers are 26 andPurge to reduce air scattering at small angles, and to cool the
0.026 Pas, respectiveljyl8]. Due to their low molecular Sa&mple environment below ambient conditions. The inlet he-
weights, the rheology of the pure homopolymer componentdUm gas was cooled by passing it through a length of copper

is Newtonian, with no measurable elasticity in either oscilla-{UPINg immersed in liquid nitrogen. The electrical heaters
tory or steady shear. then maintained the desired sample temperature by heating

against this constant cooling load. We estimate the accuracy
of temperature control to be1 °C.

The x-ray scattering measurements were performed using

Rheological data were obtained primarily with a Rheo-beam line 3D-D, in the DuPont-Northwestern-Do{@ND-
metrics Scientific ARES controlled strain rheometer, usingCAT) synchrotron research facility at the Advanced Photon
50-mm-diameter cone and plate fixtures with a cone angle obource, Argonne National Laboratory. Radiation with an en-
0.02 rad. A convection oven with liquid nitrogen cooling ergy of 17 keV ¢ =0.73 A) was selected from an undulator
accessory was used to control temperature to within 0.1 °d?¢am using a double-crystal monochromator, and highly col-
these measurements were performed under nitrogen atmbMated using two sets of slits located 32 and 13 m upstream
sphere. Due to the limited normal force sensitivity in this Of the sample, each set to a square gap of 280 A pinhole
instrument, additional measurements were performed using 4@ Placed immediately prior to the shear cell in order to
Rheometrics fluids spectrometé®FS using 50-mm diam- clean up flare from the collimating slits. A vacuum chamber '
eter cone and plate fixtures with a cone angle of 0.04(zad was placed between the shear cell and detector to reduce air

larger angle was used to reduce possible squeezing flow a\?iiﬂﬁ&ngéhgﬁggf g;ehiwghtﬁg"gﬁ?olg Of[r:g?ebsvaerpeaggvtr;

tifacts associated with axial compliancelhis instrument . . . Pe,

uses a recirculating water bath for temperature control t(l)nches c_)f a|rlsurround|ng the shear cell and upstream of Fhe
Iy . : : collimation pinhole, as well as several Kapton windows in

within 0.2°C. Numerous transient experiments were per

. ) o . ) the x-ray path. This led to parasitic background scattering
formed under identical conditions using both instruments . complicates data analysisee below: Two-dimensional

The tran3|en_t §hear stress measure_d by the two rheomEtesrﬁ]all-angle x-ray scatteringSAXS) images were collected
agreed to Wlthm a few percent. Rehz_ible no_rmal force datehsing a charge-coupled device deted®ope). The detector
could be obtained on the ARES only in the higher shear ratgoftware has provisions for storing data for a subset of its full
regions (“regime Il and IV") [19]; all normal force data active area. This feature enabled us to operate the detector at

B. Mechanical rheometry

used in this paper were collected using the RFS. maximum spatial resolution while reducing the size of data
files and, more importantly, increasing the rate at which data
C. In situ x-ray scattering could be read and stored to disk. When coupled with the high

The x-ray scattering measurements were performed usinf ux of theT undulator source, this er)abled us to collect images
a shear cell illustrated schematically in Fig[22]. The cen- a maximum turnover of apprommately 0.5 frar_ne/s. Peri-
' odically, images were collected using the full active area of

She detector to verify that no interesting featurésg.,

rempved, creating annular flxtures._ The incident x-ray beanf'\igher-order reflections from shear-induced ordered phases
is directed through a hole in the fixed lower annular plate\fvere missed

passes through the center of the device at the virtual tip o
the cone, and then through the sample between the annular , L
cone and plate on the opposite side of the shear cell. In thi@' Representative x-ray patterns and normalization procedures
way, the beam propagates along the vorticity direction of the Figure 3 presents steady state images collected during
shear flow and probeS(q) in the flow-gradient plane. The shear flow of the PEE-PDMS microemulsion at 15 °C. Two
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features are evident in these patterns: an isotropic scattering To extract compact measures of shear-induced anisotropy
ring that becomes anisotropic upon application of shear and fiom SAXS patterns that are not dominated by the parasitic
strong lozenge-shaped feature at lower angles, which doegattering at small angles, we have adopted a correction pro-
not change significantly as a function of shear rate. We atcedure outlined schematically in Fig. 4. First, a large number
tribute this latter feature to parasitic scattering upstream off normalized, quiescent patterns are fit to the Teubner-Strey
the sample, which is masked by the hole in the lower platétructure factor, which may be written in scaled form as
through which the beam passes. A small vertical misalign- S, 1-8

ment of the hole axis relative to the beam would explain this So(§) = =— -,
shape. Despite this unwelcome complication, these images Smax  BA"—2B9°+1
make clear that shear flow has a significant effect on the ) ) .
microemulsion structure factor. The initially isotropic ring Wherég=a/dmax is @ scaled scattering vector. In this form,
becomes anisotropic, with peaks in scattered intensity thah® Shape of tf;e structure factor is determined by a single
first appear at angles neard5°/+135° relative to the flow Parameterg=ci/ac,a,, which is the square of the am-

direction and then intensify and rotate towards the velocityPhiPhilicity factor frequently used to characterize bicontinu-
gradient direction. ous microemulsion thermodynamicg. This fitting was per-

Quantitative comparisons among scattering patterns refgrmed using quiescent SAXS data along tedirection,

quire that they first be normalized relative to the incidents'sn?;rtglir']nﬂ?h?g(;ipf Ephe parlasmc ?Sca'ge:mg qoeds not e?“e”d
flux, which varies from one image to another. We have found® 9 IS. 1he va ues 8 0 determined were In.

. . . : excellent agreement with those previously obtained from fit-
that the strong air scattering measured in each image frame

s L . f%g guiescent SANS daf®0]. Figure 4b) illustrates a nor-
an effective surrogate fpr the incident beam flux. All EXPer- halized Teubner-Strey structure factor that has been fit to
ments conducted at a given temperature were normalized in

. . ; rﬂany quiescent datasefsf which Fig. 4a) is a single ex-
single block as follows. First, a large number of qwescenramme_ Subtracting the Teubner-Strey fit from each quies-

patterns was selected. The intensity scale in these imagegnt pattern then leaves a normalized image of the parasitic
was normalized by an intensity averaged over the ¢pre-  scattering itself. Araverageparasitic patterfiFig. 4(c)] was
gions indicated in Fig. @). Then an additional numerical derived by averaging such results from many quiescent scat-
scaling factor was determined so that the normalized quiesering patterns. As with the normalization, this procedure
cent images gave a scaled intensity equal to 1 at the peak ias repeated separately at each temperature.
the microemulsion scattering ring. The same procedures All normalized data collected during shear at a given tem-
were then applied to all shear flow data collected at thaperature were corrected by subtracting this normalized para-
temperature. Since the quiescent scattering intensity changetitic pattern[Fig. 4(d)]. This procedure was reasonably ef-
with temperature, this procedure was repeated separately tgctive; however, the correction was imperfect near the beam
each temperature used. stop, and could even lead to anomalous behavior such as
The images in Fig. 3 have all been subjected to this norhegative intensities that would significantly bias subsequent
malization, and are presented using identical false colomeasurements of anisotropy. To reduce the impact of these
scales. This helps clarify the important fact that, in certainremaining parasitic effects, a circular region in the center of
regions in theqy,q, plane, the structure factor is signifi- every corrected image was replaced by the quiescent
cantly larger than its quiescent value. This contrasts with Teubner-Strey model f[tFig. 4(e)]. This is purely arad hoc
SANS data collected in the, ,g, plane, where scattering is procedure, but it has the virtue that it “fills in” information
suppressed along the flow direction while remaining roughlyobscured by the beam stop in addition to removing most of
constant along the vorticity direction in regime[17,18.  the anisotropic bias inadvertently created by the initial image
Still higher rategwithin regime 1ll) lead to a suppression in correction procedure. Despite the fact that the image has un-
SANS intensity along both the flow and the vorticity direc- dergone considerable manipulation, the refgily., Fig. 4f)]
tions, and the emergence of additional Igvgcattering asso- represents a significant improvement and should support a
ciated with the development of shear-induced bulk phas¢easonably robust analysis of shear-induced anisotropy.
separatiorf17,18. Indications of this may be found in Figs.
3(d)-3(f), where a lowg streak perpendicular to the flow Il RESULTS
direction is superimposed on the parasitic scattering feature.
At these higher rates, the intensity of the microemulsion fea- We first analyze changes i8(q) under flow using a
ture also decreases with increasing shear rate, consistent wisimple second moment tensor to characterize the degree and
the neutron scattering observations in regime[ifibte that direction of shear-induced deformation. These results allow
the shear stress plateau delineating regime Il begins at ratésr a critical evaluation of the Landau-Ginzburg model of
of around 1 5! at 15 °C[17], corresponding to the image in Pézold and Dawsofi13,14], through a quantitative compari-
Fig. 3(d)]. Since the lowg scattering significantly overlaps son between computed structure factors and data on the PEE-
the parasitic scattering, and since we have previously chaRDMS microemulsion. Significant differences are found be-
acterized the lowg excess scattering using SANS dat&], tween the model predictions and experiment. We then turn to
we focus here on phenomena at lower rates, below the onsatsurvey of transient experiments including shear flow incep-
of bulk phase separation, but where shear nevertheles®n, reversal and cessation, step shear strain, and oscillatory
strongly perturbs the structure factor. shear.

()

041401-4



TIME-RESOLVED SMALL-ANGLE X-RAY SCATTERING . .. PHYSICAL REVIEW E66, 041401 (2002

d

FIG. 3. (Color Representative steady state SAXS images from FIG. 4. (Color) Procedure used to correct image for parasitic
PEE-PDMS microemulsion under shear at 15°C and shear rates stattering. For each temperature, a number of normalized quiescent
(@ 0, () 0.1,(c) 0.3,(d) 1.0, (€) 3.0, and(f) 4.0 s L. The lozenge- images(a) have been fit to the Teubner-Strey structure fafkr.
shaped feature in the center of the pattern is parasitic scattering thé®)] (b). This is subtracted off to reveal the intrinsic shape of the
passes through the aperture in the shear cell. The intensity scale jparasitic scatteringc). Each normalized image obtained under
all images is normalized such that the peak intensity in the microshear flow{for instance, Fig. &), shear rate 0.3 s 1] is corrected
emulsion scattering pattern in the quiescent state equals unity. Colday subtracting the parasitic scatteri@). Imperfect correction near
changes thus directly reflect suppression or enhancement in scdabe beam stop is accounted for by replacing the central portion of
tered intensity. The images presented Harel used in analysigre  the image with the quiescent Teubner-Strey structure factor appro-
centered on the incident beam, and cover the rafge|,|<1.5. priate for that temperatur@), leading to the final corrected image
At 15 °C, 0max=0.075 nm 1. Boxes near the beamstop in pas (f). Such images are then analyzed using Eds-(7) to extract
and(b) indicate regions in which parasitic scattering was monitoredmeasures of anisotropy and orientation angle.
for normalizing with respect to incident beam fl(see text

A. Steady shear:S(q) and second moment tensor Whereéo(Q) is given in Eq.(3) above. Finally, we apply one
more normalization, dividing the second moment teq§dp

y 3(8%),, so that, in the quiescent state, the diagonal com-
Bonents are 1 and the off-diagonal components are 0.
Figure 5 presents the results of this analysis for steady
R state data collected at 15 °C. At the lowest rates the scattering
<qq>=J J 49S(q)dg, dgy . (4) is nearly isotropic. As shear rate increases the off-diagonal
element(q,d,) grows in magnitude; due to the enhancement
Here the integral is carried out ovi,,a,|<1.5 (the range in scattering in the second and fourth quadrants, this quantity
covered by the patterns in Figs. 3 and th the case of an IS negative. At the same timégj) grows and(gZ) de-
isotropic, quiescent structure factor, this tensor has nonzerereases, leading to anisotropy in the difference of the diago-
diagonal elements given by nal elements{qf)—(q@ (also a negative quantity
L L It is worth noting at this juncture that the excess rheologi-
N P AOB AN A an cal properties associated with the deformation of the micro-
(G0 =8y = §<q >°_§f f 4"So(@)dacday,  (5) emulsion structure are predicted to be expressible in terms of

We characterize the anisotropic scattering by computing
second moment tensor of the dimensionless scattering vect
g weighted by the normalized structure factor:
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FIG. 5. Normalized second moment tensor components as a 10¢
function of shear rate in steady shear at 15 °C. F e (b)
moments of the nonequilibrium structure factor that are very 1+ .
similar to(@,8,) and(§%) —(a7) [13,14 (although the rheo- . : .
logical properties are expressed in terms of integrals over all I3 I
of reciprocal space, whereas these measurements are con-m= 0.1+ 2
fined to a single slice of reciprocal space wib=0). In = E
- . < )
limited cases, we have analyzed the x-ray data using the @ [
exact integrands that emerge from the thef®g], but as 001+ A
discussed further below, these more complex analyses do not E A
yield materially different results. In light of this, and recog- [
nizing that our experimental data are limited both at the 00014 e e
low-qg and highg end, the simpler characterization embodied 5 15 25 35 45
in Eq. (4) seems sufficient. At the same time, it is reasonable T (C)

to hope that(and we shall investigate the extent to which . e . i
these second moment tensor quantities are related to the buk F'C: 6: (& Normalized principle anisotropy (filled symbolg

. - . and orientation anglee (open symbolsas a function of reduced
rhe(.)IOg.)/' One bnefAbEjt |mpo_rt§1nt exam_ple is already a_pparéhear rate in steady shear experiments conducted at temperatures of
entin Fig. 5, Whe_réqqu> exhlplts a maximum as ?funcu_on 10(4,0), 15(A,A), 20 (M, ), 25(V,V), and 30 °C(®,0). Data
of shear rate. This agrees withtPald and Dawson’s predic- have been shifted to a reference temperature of 15BLShift

tion of a maximum in the excess microemulsion shear strésgtor as a function of temperatut®), compared to shift factors

as a function of shear raféd4]. We shall return to this spe- agssociated with prior rheological measurements of average vis-

cific issue at greater length in subsequent sections. coelastic relaxation time of microemulsié®>, Ref.[20]), and de-
Another way to characterize anisotropy is via the differ-yelopment of anisotropy in neutron scattering measuremehts

ence of the eigenvalues 0§§). When normalized using the Ref.[18]).

quiescent data as described above, this leads to a convenient

quantity that we refer to as a “normalized principal anisot-gqy pirefringence 25]; we will consider the extent to which

ropy,” a “stress-x-ray” law may be valid in this type of complex
o A%2 — self-assembled fluid.
A= \/(<qx) <qy>) +48,ay) _ (6) Figure Ga) presents steady state measurements of anisot-
1 .2 ropy and orientation angle as a function of shear rate at five
2<q Jo different temperatures. At each temperature, anisotropy in-

o _ _ _ creases with shear rate, but at some point it reaches a maxi-
This is complemented by an orientation angléhat defines  mum and begins to decrease. At the same time the orienta-
the rotation of the principal axes ¢fid) relative to the flow tion angle decreases with increasing shear rate from a low-

direction[24]: rate asymptote of 45° at high rates it appears thanay
o reach a limiting value. While temperature has some effect on
_ }tanfl 2(8,8y) @ the details of these data, its major influence is to change the
X732 <q§>—<q§) ' shear rate at which anisotropy develops. In light of the simi-

larity in shape, Fig. @ presents data in reduced form by
A “shear stress analog(@d,) is given byzAsin2y, and a  shifting along the shear rate axis. We performed the shifting
“first normal stress difference analog;)—(@7) is given  usingy, although theA values are also well reduced by this
by A cos 2 [24]. There are obvious and useful parallels to procedure. A similar reduced plot of anisotropy in SANS
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data collected within the flow-vorticity plane was presentedNote that under quiescent conditions, this yields E).

by Krishnan and co-workeffd.8]. The interpretation here, as above for the equilibrium structure factor. It is apparent that,
in that case, is that increasing temperature reduces the avexecording to Eq(8), the structure factor is unaffected by the
age relaxation time of the microemulsion so that higher sheditow if g,=0. This prediction follows directly from the as-
rates are required to induce a given degree of anisotroppgumption of a uniform velocity gradient in shear.

Figure 6b) compares the temperature dependence deter- Here we consider only steady state predictions. By anal-
mined from shifting the x-ray data to that measured from theogy to the experimental analyses described above,(&q.
neutron anisotropy data, as well as to a rheological measumay be written in dimensionless form

of the average relaxation time of the microemulsids].

The agreement is gratifying and establishes that these experi- dSg) A
ments all probe the same fundamental dynamic phenomena. ~— =A(0)S(§)—B(d), (10
However, the very strong temperature dependence of the mi-
croemulsion relaxation time, and in particular the fact that itwhereA andB are given by
is much stronger than the temperature dependence of the

zero-shear viscosity, presents a challenge for theoretical pre- o 0%(1-2p8%+BaY)
dictions of microemulsion rheolog20]. A(9)= (1-pg)De, (11
B. Steady shear: Landau-Ginzburg model predictions B(q)— 2 12
There have been numerous theoretical descriptions of Dedy

complex fluid structure under shear based on Landau- . . . .

Ginzburg expansions for the free enef@g—2§. Our mea- In this expression, De is a dimensionless shear(i2aéborah
surements of a microemulsion structure factor under shedt!mber defined by

provide an unusually clear basis for testing the predictions of .

such models. Here we draw particularly upon the work of De= I A (13
Pazold and Dawson[13,14, who performed a detailed 2Aa,(1~ B)Uiax

analysis of the effects of shear on the structure factor of

microemulsion fluids and the associated rheological behawThis expression employs the characteristic relaxation time
ior. They started with an expansion of the free endigy.  identified by Pe&zold and Dawson, Eq11) in Ref.[13])

(1)] in terms of an order parametes, which here would be The first-order ordinary differential equation f&(§)
taken to be the local deviation in PEE or PDMS monomemay be formally solved using an integrating factor, leading
volume fraction from its mean value of 0.5. Their full analy- to

sis considered higher-order terms; here, however, we present ) )

calculations retaining only the quadratic terfas in Eq.(1)]. . b [Gx+ay ., 3 .,
The structure factors computed below are qualitatively very S(4) =~ f_q;d y(Tqy) exd C(&y—y)+D(ay—a,*)
similar to those derived from the more complete thgd4j. )

Following established procedures, tRdd and Dawson +E(0,—-6,°) +F(@a,—-a;n1, (14)
wrote down a stochastic differentiélangevin equation for

the order parameter field, assuming a linear shear flow: where

= y(t)ye, for the convective terms in the equation. This for-

mulation assumes that the macroscopic deformation profile qi—zﬁq‘x‘wqﬁ
applies at all length scales within the microemulsion, i.e., - m' (15
there is no perturbation to the velocity field associated with
local variations in the order parameter. 33614_4[;(12+1
The equation governing the structure factor under shear SR S E— (16)
may be derived from the Langevin equation. Neglecting the 3(1-p)Dedy
effects of higher-order terms in the free energy expansion, o
this yields el 3B4y—28B an
5(1-pB)Dedy’
S(q,t) , o aS(a) ,
o T2AQTK(@)S(g,t) = ¥ (Do —— =2A0°T,
Qy B
®) =71 e, 19

whereS(q,t) is the structure factor and is a microscopic  The integral in Eq(14) is performed numerically to compute
mobility (Onsager coefficient This equation is written for g(q) in the (@,,8,) plane. As discussed by ®ald and
the case of a conserved order parameter. The vertex functiq§awson[14], this iry1tegral is problematic as Bg— 0; how-

K'is given by ever, using a fine integration step size, we have had success
in computing results down to reasonably small Deborah
K(q)=c,q*+c.0%+a,. (9)  number.
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FIG. 8. (a) Normalized second moment tensor components de-

Ginzburg model of microemulsion under shear, Ed). Images are rived from computed structure factors. These may be compared

computed using the valyg=0.69 fit to quiescent scattering data at directly against experimental data in Fig.(6) Normalized princi-

15°C, and are presented using the same conventions and color sc@@ anisotropyA and orientation angle derived from computed
as in Fig. 3. Deborah numbers dg 0, (b) 0.5, (c) 1.5, (d) 4.5, (¢) structure factors. These may be compared directly against experi-

13.5, and(f) 40.5. mental data in Fig. 6.

FIG. 7. (Color) Structure factor computed from Landau-

ment tensor is constructed by performing the integral in Eq.
Figure 7 presents computations of nonequilibrium struc{4) over the same limits in the computation as used in the
ture factors for several representative shear rates. These dgPeriments. Together with the normalization procedures de-
presented in normalized form over the same dimensionlesicribed earlier, this assures that these results may be com-
scattering vector range, and using the same false color scapdredquantitativelyagainst the experimental results of Figs.

as the presentation of experimental data in Fig. 3. We notg and 6(except for an arbitrary shift along the shear rate

that the qualitative behavior of these structure factors COmgexr:sgbrFéglr;rSoﬁg)ntgr:ieaT;ZotEg tg‘i:]rgaell(zpe;i;iﬁgfj dg:gr;:]egitg
puted using the simplified theory are very similar to those, :
computed by Paold and Dawson with the fuller theo[$4]. 5. Many aspects are shared between the data and the model

. : L . ._calculation(notably the maximum iq,d,) with increasing
Thus, we feel the simple model provides a sufficient basis fOrshear rate The key difference is in the behavior 6§2). In
addressing the main issues. While the computed structur%e computation botl@‘2> and<A2> are su resseci/ by the
factors also become anisotropic under shear, several qualitlo\- P » DOTRG dy PP : y

; S R i Shear, although to different degrees. In the experiments, how-
tive features in Figs. 3 and 8 are quite different. An mportant(_}ver <A2> initially increases reflecting the enhancement in
distinction is the fact that, except fog=0, the theory gen- Gy y » 9

) i L ; scattered intensity in the anisotropic microemulsion peak.
erally predicts that scattered intensity ssippressedThis This has further consequences when compamngnd y

clearly disagrees with the behavjor seen in the experimen&omputed from the theoretical structure factffig. 8b)].

where the emergence of peaks in scattered intensity refleginiie the predicted behavior is qualitatively similar to that

both a suppression of intensity along the flow dlrectlon_ ?‘”%een in Figs. 5 and 6, in general the theongerpredictghe

an enhancement in scattered intensity at the peak positiongjegree of anisotropy anoverpredictsthe orientation angle.
These differences are further evident when the computegioth of these reflect the greater-than-expected first normal

structure factor is subjected to the same second moment tegtress difference analog found in experiment, traceable again

sor analysis used on the experimental data. The second mgy the enhancement in scattering intensity.

041401-8
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The proscription of a uniform velocity field is the logical
starting point in developing a model for shear-induced struc-
tural changes in microemulsions, and the same assumption
has been routinely made in other contg)@6,27]. Given the
extreme viscosity contrast between the PEE and PDMS ho-
mopolymers under the conditions of these experiments, it
would be hard to imagine a more severe test case. However,
these results underscore the need to develop more elaborate
microscopic descriptions of order-parameter-dependent vis-
cosity and the associated coupling between microstructural
evolution and the detailed microscopic velocity profile.
Some efforts have been made in this direction in the context
of disordered block copolymefg8].

C. Steady shear: Stress-x-ray law?

As noted above, the second moment ten$)) used to
characterize anisotropy in the microemulsion structure factor
is quite similar to the structure factor moments used to cal-
culate the excess stress tensor associated with deformation of
the microemulsion structure under shgb#]. This suggests

the possibility of strong connections between the SAXS data
and the rheology of the microemulsion. The strongest such
connection would be a “stress-x-ray law”

<
oo
1
T

lq, = 0; 9y = Q)
=]
i

A
—=sin2y=Coa, (193

2

(=
N
1
-

o
[\
N
-

A cos2y=CNg, (19b)

[e)
T

ot 1 1o
Shear Rate (s'!)

o
o
—_

analogous to the stress-optical law that is widely obeyed in
flexible polymerg[25], whereo andN; are the shear stress

FIG. 9. (a) One-dimensional cuts of experimentally measured?r}[d first “O”,T‘a' s;fr_e_ss Sifference, respectively, &nd the
. P . stress-x-ray” coefficient.
normalized structure fact@(q,=0) at several representative shear - o
rates. The data for 0.05 $ (heavy lingd are essentially the same as Figure 10 presents steady state data collected at 15°C to

. . o N test whether or not such a stress x-ray law is suggested for
a quiescent patterr(b) Normalized structure factos(§,=0, g, : . .
—1) as a function of shear rate. this sample. The shear strg$3g. 10(a), heavy solid curvg

shows three of the four characteristic regimes previously
Particularly after comparing Figs.(® and 8b), one documented in this sample: Newtonial), shear thinning
might conclude that, on balance, the theory captures the exH ), and stress platea(lll ); the onset of regime IMwhere
perimental behavior quite well except for some quantitativeshear stress again increasisgust visible at the highest rates
discrepancies. However, the x-ray data on the PEE-PDM®resented in Fig. 10. We have shaded the higher shear rate
microemulsion reveal a fundamental problem in the modeportions of this figure to emphasize that there is no expecta-
formulation. Specifically, having assumed that the local vetion of a stress-x-ray relation once flow-induced phase sepa-
locity field is unaffected by the microemulsion structure, thisration has occurred. Even with the more sensitive RFS rhe-
theory predicts that there is no change in the structure factavmeter, reliableN; data (star symbols could only be
along q,=0. Figure 9a) presents 1D slices of the experi- collected at shear rates of 0.2'sand above at this tempera-
mental data along this axis, and makes clear that there atare, providing a narrow shear rate range within regime |l
substantial changes in structure factor specifically where thehere both shear and normal stress data are available. It
theory says nothing should change. Significantly, thes@ppears thaN; also exhibits a plateau at higher rafd$],
changes occur well within “regime II,” prior to the develop- although the values decrease slightly across regime .
ment of excess lovg scattering associated with the flow-  The x-ray analogs of shear stress and first normal stress
induced bulk phase separati¢at rates above 17¢ at this  difference are also plotted in Fig. (. Note that both ver-
temperaturg The scans in Fig.(®) are simple vertical pixel tical axes span a dynamic range of 200, so the shapes of the
scans from the digital images. Due to a small orientatiorx-ray and mechanical data may be sensibly compared. To
offset in the detectof24], we have also specifically investi- proceed with more quantitative comparisons, we must first
gated changes in scattering @t=0, §,=1 [Fig. Ab)] by  address the fact that any stress-x-ray law would only hold for
computing this exact location on the image using an orientathe “excess” stresses associated with the distortion of the
tion angle correction factof24]; the basic conclusions are self-assembled fluid structure itself, and not for stresses as-
the same. sociated with the shear deformation of the pure components.
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. frequency(which we dub a “background” viscosity,) pro-
: L7 vides a reasonable estimate of the purely viscous response of
X * SRS * & 100 the pure constituents. At 15°C, this background viscosity
was estimated to be 10.0 P483,20, which accounts for
12% of the total microemulsion zero-shear viscosity.

A simple strategy is to compute a “background-
corrected” shear stress according to

—
1
TTT

AA“‘ 110

Tcor=T— NpY, (20)

Shear Stress, Nl,nb'Y (Pa

AAAAAAA
— ] where it is assumed that the background viscosity that char-
L o Repmn NI acterizes the purely viscous dissipation of the pure compo-
0.1 1 10 nents in equilibrium oscillatory testing holds also for nonlin-
Shear Rate (s71) ear steady shear flow. Figure (8D shows that this
assumption becomes grossly untenable within regime lll,
E g m— . " "
: ' Regime 111 where the estimated “background” stress eventually exceeds
0.025E A the total measured stress. Given that the sample has experi-
E A A enced bulk phase separation in regime Ill, and that one of
o.ozi A these phases may be, in essence, extremely low viscosity
C 6 & PDMS, the failure of Eq(20) is not surprising. Even within
0015_5 A, regime Il, however, Eq.20) may be questionable. The struc-
T A A ture factors(Fig. 3) show that the sample evolves towards a
[ X state in which, crudely speaking, interface whose normal was
0.014 A A o 9
3 A A initially parallel to the flow direction has been rotated to-
o Enl wards the gradient direction. This would imply a partial loss
of “connectivity” along the gradient direction. Given the
very high contrast in viscosity between the PEE and PDMS
I homopolymers used in this microemulsion, one might easily
Shear Rate (1) antiqipate that the relative amount of d_eformation sustained
within the PEE- and PDMS-rich “domains” changes as the
FIG. 10. (8) X-ray stress analoggA sin2y (A) andA coszy ~ Underlying morphology evolves from the initially undistorted
(A), left ordinate; and shear stregseavy solid curveand first ~ Dicontinuous structure towards one whose continuity along
normal stress differencek), right ordinate, as a function of shear the gradient direction is progressively degraded. Itis far from
rate in steady shear flow at 15°C. The dashed line gives viscouglear whether the background viscosity measured under equi-
stress predicted from the high frequency background viscosity medHrium conditions remains relevant under these circum-
sured in small-amplitude oscillatory shear, and the thin solid linestances. However, the only alternative to using &) is to
gives the “background-corrected” shear stress—7,y. (b) simply neglect the background viscosity completely.
“Stress-x-ray ratio” computed from data in pad). (A) Computed Using Eq.(19a, we have computed the stress-x-ray ratio
using background-corrected shear strégs. Computed using first  C using the background-corrected shear sti€sg. 10b)].
normal stress difference. Also shown are values computed fronThere is no universal stress-x-ray law in this samglés a
transient background-corrected shear stress data in flow inception gtrongly decreasing function of shear rate within regime |I.
10°C(©) [see Fig. 1lb), below]. At the three shear rates for which both steatlyand x-ray
data are available, we have also computed the stress-x-ray
The situation is analogous to that of flow birefringence mearatio using Eq.(19b). Although this can only be done for a
surements in polymer solutions, where the stress-optical laiew points, the normal stress data provide the cleaner test,
only holds for the polymer contributions to the stress andsince the measured; unambiguously reflects only excess
birefringence, and solvent contributions must first be submicroemulsion stresses. Tl values determined from the
tracted. In the present case, however, it is impossible to makeormal stress data agree very well with those determined
independent measurements of the pure component propdrom the background-corrected shear stress data. While fall-
ties, given the complex and rate-dependent morphology ofhg short of a stress-x-ray law, this suggests that there is still
the microemulsion and its temperature-dependent state @f strong geometric connection between the x-ray second mo-
mixing. Since the molecular weights of all of the polymer ment tensor and the excess stress tensor, and, further, that the
samples are very low, it is reasonable to assume that the puoerrection strategy for the shear stress embodied in(Z).
component stresses are purely viscous in nature; this is defs reasonably sound within regime II.
nitely true for the two homopolymers. We have previously As noted above, the components of the second moment
confronted this issue within an analysis of the linear vis-tensor defined by Eq4) differ from the moments o5(q)
coelasticity of this microemulsion samgl20]. In that work,  that Pazold and Dawson use to compute stresses in their
it was concluded that the limiting viscosity measured at hightheory by an additional factor of (£§?) in the integrand of

0.14

Stress Analogs: (A/2)sin2X,, Acos2,

e

(=]

w
g

'Stress-X-ray ratio', C (Pal)

0.005+
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A
o

Eq. (4). Using steady state data at 15 °C, we have reanalyzed
data in strict accord with the Bavld and Dawson stress ex-

X e

a &

pressions, and have found that there is no significant quali- 208t 1 =

tative change in behavior from Fig. 1@3]. In particular, 2 ¢ 30 &

even when the theoretical structure factor moments are used, 2061 1 2

no stress-x-ray rule exists for this sample. B oak i

This discussion has focused only on data collected at TE i -_-15%

15°C, since the quantity and quality of available data, both E ool { &

x-ray and mechanical, are highest for this temperature. Fig. 2 f . @) 1 &
10(b) also include<C values determined from a more limited 0 b 0
consideration of transient background-corrected shear stress 0.1 IShear Strailr? 100

and x-ray data collected at 10 {6ee the following section
At this temperature as well; decreases significantly with
increasing shear rate within regime |I.

IS
=)
{ T T T T

D. Shear flow inception, reversal, and relaxation

Due to a favorable combination of long characteristic re-
laxation times and the time resolution possible using syn-
chrotron radiation, time-dependent changes in the micro-
emulsion structure factor may readily be measured at lower

204

Shear Stress; (A/2C)sin2¥ (Pa)

(=3

temperatures. Here we focus exclusively on behavior within 0 20 40 60 80
regime |II; transient rheology and complementary time- Time (sec)
resolved small-angle light scattering data in regime Ill are 160

presented elsewheté9]. Upon inception of shear flow, the
transient response of anisotropy and orientation angle in the
microemulsion structure factor is remarkably similar to
analogous measurements of birefringence and orientation
angle in nonlinear shear flow of conventional polymer lig-
uids [Fig. 11(a)]. Indeed, in light of this similarity it is im-
portant to reiterate that the homopolymers contained in this
sample are unentangled and Newtonian. The orientation
angle starts at 45°, and then drops to a steady state value that o
depends on the shear rate. At the same time, the anisotropy 0 20 40 60 80
reaches its steady state value after a mild overshoot. As seen Time (sec)

in Fig. 11(a), at short times the initial response scales with
the applied shear strain.

1204

\PH (A/C)cos2y (Pa)
b3

FIG. 11. Transient data during shear inception at 10 °C and rates

he similari h i heol ¢ ool 0f 0.1(#,0), 0.2(A,A), and 0.5 5 (B,0). (a) Normalized prin-
The similarity to the nonlinear rheology of polymers ex- cipal anisotropyA (filled symbolg and orientation angley (open

tends to the x-ray stress analogs, as well. Figui®)ldre-  symnolg vs applied strain(b) Comparison between transient be-
sents the shear stress anafoly sin 2y converted 10 a Stress  payior of “background-corrected” shear strass- 77,y (solid lineg
using the(rate-dependentC values presented in Fig. ). and x-ray shear stress analtgymbol3. (c) Comparison between

Although this sample does not obey a stress-x-ray law in @ansient behavior of first normal stress differed¢ge (solid lines
strict sense, there is remarkable agreement in the transiegihd x-rayN,; analog(symbols. Values ofC are given in Fig. 10

shear stress and x-ray shear stress analog once their steaghpve.
state values have been reconciled. With increasing shear rate,
the transient behavior evolves from a monotonic growth in here the sh ¢ h L o the fl
shear stresgwhich follows the linear viscoelastic limit at Where the shear Sress changes sign in response to the tlow
sufficiently low rate[19]) to a large shear stress overshoot. reversal much more rapidly than the corresponding compo-
Reliable transienN; data are much more difficult to obtain, nent of the x-ray second moment tensor. . o
but Fig. 11c) demonstrates that the connection between nor- JPON cessation of shear flow, the normalized principal
mal stress and its x-ray analog is also strong. Here the méisotropy exhibits nearly single-exponential decay, while
chanical data are rather noisier than the x-ray data; howevei)® orientation angle remains more or less constant at its
it appears thatN, also exhibits a transient overshoot at Prior steady state valuig-ig. 13@)]. This provides an inter-
higher rates within regime II. esting departure from the analogy with flexible polymer
Figure 12 presents mechanical and x-ray data obtaineblirefringence, where the orientation angle typically evolves
upon reversal of shear flow direction in terms of shear strestowards a smaller value during the relaxation. In polymers,
and its x-ray analog. This experiment reveals a breakdown ithis is associated with the distribution of relaxation times.
the close connection between the x-ray and mechanical résiven the single-exponential relaxation df, a constant
sponse. There is a significant discrepancy at short timesjalue of y during the relaxation is expected.
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FIG. 12. Comparison between transient behavior of 100
“background-corrected” shear stress— 7,y (solid lines and = (b)
x-ray shear stress analggymbols following shear flow reversal at &
10 °C. Shear rates are O(D), 0.2(A), and 0.5 §* (0). Values of N
C are given in Fig. 10 above. c
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The relaxation data also provide a significant contrast <&
when compared with mechanical ddEag. 13b)]. The x-ray %
shear stress analog shows essentially the same single- £
. . .. . [ 14 lj:]::tp O
exponential relaxation that would be anticipated from Fig. = N
13(a). However, the shear stregsmooth curvesexhibits a - OA 40,
rapid initial drop before ultimately relaxing with a slowest 2 R
relaxation time comparable to that which governs the relax- “? AL
ation of x-ray anisotropy. It is important to recognize that 0.1 80

this rapid drop in stress isot associated with the viscous Time (sec)

background stresses alluded to earlier. All of the comparisons

in Figs. 11-13 have used background-corrected stress data FIG. 13. Transient data following shear flow cessation at 10 °C
and the corresponding background-correddalues from — and rates of 0.14,¢), 0.2 (A,A), and 0.5 st (mo). (& Nor-
Fig. 10. During the prior steady std€ig. 11(b)], and at the malized principal amsotrqp;A (filled sympols) and orientation
shortest times for which mechanical shear stress data may §89/€x (0pen symbolsvs time. (b) Comparison between transient

obtained during relaxatiofi~0.01-0.1 ¥ the shear stress behavior of shear stregsolid lineg and x-ray shear stress analog
and its x-ray analog agree well. This initial drop in Shear(symbols) following shear flow cessation. Values Gfare given in

stress, while poorly resolved on the linear time scale in Fig.F'g' 10 above.

13(b), occurs well within the time resolution of these me-

chanical measurements and is too slow to be attributed teelaxes in an essentially single-exponential decay following
viscous effects. Comparing Figs.(bl and 13b), it is clear ~ step strain, while the orientation angle remains nearly con-
that there are very different relationships between the x-ragtant[Fig. 14a)]. The behavior ofy indicates that the shear
second moment tensor and the stress tensor during shear fl@ifess andN; x-ray analogs both relax at the same rate. The
inception and relaxation. At present we offer no explanatiororientation angle decreases as applied strain increases; mod-
for this. It is interesting to note, however, a superficial simi-€els that invoke an affine deformation of microstructure make
larity between this behavior and the spectacular stress-optictte following prediction for orientation angle following a
failure in dilute polymer solutions in strong transient flows step strain deformation:

known as “stress-birefringence hysteresj29]. A final in-
triguing aspect of Fig. 1®) is how, after a short time, the
shear stress becomes nearly independent of the previously
applied shear rate, while the x-ray data remain vertically

shifted throughout the relaxation process according to thei&vherey is the magnitude of the applied strain. This rela
. : . 0 ] -
prior degree of anisotropy during steady shear. tionship is seen to hold for the microemulsiffig. 14b)].

This is equivalent to noting that the x-ray analogs of shear
stress and\, obey the Lodge-Meissner relati¢80].
Figure 1%a) considers the shear stress analog in greater
We now turn to step strain deformations. As would bedetail. As anticipated from Fig. 14, it obeys a single-
anticipated from the steady shear relaxation data, anisotropgxponential relaxation that may be expressed as

1t B
X=tan

2
—) ) (21)

Yo

1

E. Step strain and oscillatory shear flow: Experiment and
phenomenological modeling
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FIG. 14. Response of microemulsion structure factor to step Strain
strain deformation at 10 °Ga) Normalized principal anisotropg ) )
(closed symbolsand orientation angley (open symbolsvs time FIG. 15. (a) X-ray shear stress analog following step strain de-

following step strain of magnitude 20¥# , <), 50%(A,A), 100%  formation of magnitude 20%¢ ), 50%(A), 100%(0), 150%(V),
(m0), 150%(V,V), and 200%®,0). (b) Initial orientation angle and 200%(O) at 10°C. Solid line represents single-exponential

as a function of applied strain; solid curve represents predictions foPredictions of Eq.(22) using G=0.378 andr=20s. (b) X-ray
affine deformatiorEq. (21)]. modulus analog@j(A) as a function of applied strain, based on step

strain measurements at 10 °C. Also presented is the shear stress
damping function(A, line) derived from mechanical step strain

A 1 o
isin 2y=v0G(1) = yoG exp —t/ 1), (22) experiments at 10 °C19].

. . viscoelastic rheological data for this microemulsion, which
whered(t) is a relaxation modulus analog, taken here to be 9

. ; ; ) exhibit a Rouse-like spectrum of relaxation timg0], in
a single-exponential function characterized by an “x-ray an P M)

ot dulus” q laxation time. All of the dat ‘qualitative agreement with the predictions oft®ad and
ISotropy modulus G and a relaxa lon ime. Al Of the data Dawson[14]. The step strain relaxation data also show time-
in Fig. 15a) are well represented using a valoe 20 s, and

bev 1 train factorability. The strain-d dent val train factorability, where the time dependence is in good
0 deyt ime-s (rja;)n ?tc;_oraEl '%’2 ¢ etf] raclin-t ependen Vé: ude_s 0 greement with oscillatory shear dfi#d] (that is, there is a
g_ etermined by fitting Eq(22) 0 the data are presented in spectrum of relaxation times for shear stress relaxation fol-
Fig. 15b). By analogy to conventional rheology, it is reason-

bl . £ i ; i lowing a step strain It is thus clear that here, as in Fig.
able to expect a regime of linear response in whit 13(b), there will be significant deviations from any hypo-

independent of strain, followed by a nonlinear regime aty s stress-x-ray law. The strain dependence of the me-

higher strains. Due to the restricted number of strain Valueéhanical step strain data is reproduced in Figbl terms
used in these experiments, it is not clear if or where a Iinean the damping function

regime exists. The modul@sinitially increases somewhat as
strain increases from 20% to 50%, and then drops more dra-
matically at higher strains G(t, v0)
L : . . h(yo)=—=r— (23)

Data presented here and in the preceding section convinc- G(t)
ingly show that the anisotropy in the structure factor probed
in these SAXS experiments, at least as characterized by tHa mechanical testing, the response is linear to strains of
second moment tensdiEq. (4)], exhibits robust single- 50%, and then shows strain-softening behavior at higher
exponential relaxation. This is in interesting contrast to lineaistrains[19]. Adjusting the scales of the vertical axes in Fig.
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FIG. 17. X-ray analogs of storage and loss modlili(®) and
G" (O), measured during oscillatory shear at 10 °C and 50% strain.
Solid curves present predictions of Eq24) and (25 using G
=0.442 andr=20s, determined from step strain at 50% strain.
(The data may be more accurately fit usigig=0.442 andr
=24s.)

(A/2) sin2; Acos2¥

of the time-dependent shear stress &hdanalogs. The re-
L sponse is, overall, very similar to that expected for a vis-

0 60 120 180 240 coelastic fluid. The shear stress analog oscillates at the input
frequency, but with a phase and amplitude that vary with the
frequency used. At low frequencies, there is a significant
phase difference between the applied strain and the resulting
shear stress analog, while at the highest frequency the phase
angle is very smalithe dashed lines in Fig. 16 represent the
input strain wave form This is an interesting contrast, di-
rectly related to the single-exponential relaxation of the x-ray
anisotropy, to the mechanical results that asymptote at a
phase angle near 45° at high frequefi2z@]. The N; analog
oscillates around a nonzero mean at twice the applied fre-
qguency.

The time-dependent shear stress analog may be resolved
into components in phase and out of phase with the applied

(A/2) sin2%; Acos2¥

Time (sec) strain. If y(t)=ygsinwt, and assuming a linear response,
then
FIG. 16. Response of microemulsion structure factor to oscilla-
tory shear deformation at 10 °C and 50% strain. X-ray shear stress A
analog: A sin 2y (O), first normal stress difference analagcos 2 —sin2y=v,[G' (w)sinwt+G"(w)coswt].  (24)

(@), and input strain wavédashed curyeas a function of time(a) 2

f=0.003 125 Hz.(b) f=0.0125 Hz.(c) f=0.05Hz. Solid curves
through data are predictions of phenomenological mpeegl (26)]
as described in the text.

For single-exponential relaxatidiq. (22)], the “x-ray stor-
age and loss moduli” are given by

, Gw?r? ; ot

15(b), we find that the strain dependences of the shear stress G()=1 22 9= 22 (25
and its x-ray analog are similar overall, provided one as-
sumes that the x-ray data at 20% strain are within the lineafhe in-phase and out-of-phase components of the x-ray shear
response regime. Interestingly, however, the mechanical datiress analog were extracted from data, like those in Fig. 16,
do not show the mild strain-hardening behavior suggested insing cross correlatiofonly using data after the initial tran-
the x-ray result§31]. The origin of this discrepancy is not sient periodl Figure 17 shows that the modulus and relax-
known. ation time determined from step strain data at 50% strain

We have also subjected the microemulsion sample to ogrovide for a reasonable prediction of the oscillatory re-
cillatory shear over a range of frequencies and strains. Figursponse using Eq$24) and (25). Thus, it appears that 50%
16 shows representative results at 50% stféie smallest strain is small enough to yield a nearly linear response, Fig.
strain for which oscillatory testing was performeth terms  15(b) notwithstanding.
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To analyze the time-dependent normal stress analog iwhereg is a “modulus,” 7 is a relaxation timeD is the rate
greater detail, we consider the following phenomenologicabf deformation tensor, and superscrip¥V™ denotes an
model for the doubly normalized second moment tensor, irupper-convected time derivative. This model reproduces the
the form of an upper-convected MaxwéllCM) or Lodge  single-exponential step strain predictiofsg. (22)], while
equation[32]: also predicting the existence of a normal stress analog such
that Eq. (21) is satisfied(in other words, it predicts the
Lodge-Meissner relationin oscillation, the shear stress ana-

(§8) <qvq> log predictions are the same as those given above in Egs.
o T T = 267D, (26)  (24) and(25), while it also predicts the existence of normal
(@ (80 components given by

|
A e 2 1 3w ) 1-2w?7? ot )
cos2y=G"'(w)yg +m$ln wt+ mCOS . (27)

(Note that this equation, like Eq24) above, neglects the such theories are refined to the point where they can provide
initial transient during the startup of oscillatory shgsivhile ~ a more accurate portrayal of steady state.
this UCM-like model predicts nonlinear phenomena such as
the existence _of r_10r_ma| components{gfy), it cannot pre- IV. DISCUSSION
dict nonlinearity in its shear “stress” response; hence we
restrict its use to the data collected at the smallest strain of These SAXS and rheology data provide an opportunity to
50%, which is apparently already somewhat outside the linexplore detailed connections between flow-induced structural
ear range. As in Fig. 17, we use the “modulus” value mea-changes and rheology in an interesting complex fluid, the
sured in step strain. However, noting that the data in Fig. 1 bicontinuous microemulsion phaseAnB/A-B ternary poly-
could be more faithfully described using a slightly modified mer blends. Available theor{13,14] suggests that knowl-
relaxation time of 24 s, we use this value here. Figure 1lGedge of the nonequilibrium structure factor should be suffi-
includes predictions of Eq26) for shear stress ard; x-ray  cient to predict the stresses. We have previously
analogs in oscillatory shear, drawn as solid lines. After thedemonstrated that this theory describes the qualitative as-
initial transient period, this phenomenological model pro-pects of the linear viscoelasticity quite satisfactorily, but that
vides essentially quantitative predictions of the time-there are significant quantitative discrepandi2g]. Results
dependent x-ray data at this moderate strain level. presented here suggest that, not surprisingly, the data in the
We have collected similar oscillatory datasets at largenonlinear regime provide an even more stringent test of this
strains of 100% and 200%; Figs. (88-18c) present illus- type of theory.
trative data at three frequencies for experiments at a strain Two major difficulties are revealed. First, the qualitative
amplitude of 200%. The larger strain leads(tplarger an-  response of the structure fact@¥ig. 3) is plainly different
isotropy overall and a largéd; analog in particular, an@i)  from the predictions of the theorfFig. 7). This is almost
visible nonlinear effects in the shapes of the wave formscertainly due in part to the fact that this particular sample
which are no longer sinusoidal. It might be interesting toshould have a highly concentration-dependent viscosity that
continue to explore the relationships among the data colwould certainly impact the local velocity profile on the
lected in these various nonlinear transient flows by extendingength scale of the concentration fluctuations. Conversely,
the modeling to incorporate more substantial nonlinearitieshe theory postulates a uniform shear profile at all length
in the formulation of a phenomenological anisotropy model.scales. The results in Fig. 9 seem definitive in at least this
Given the time-strain factorability observed in step strain, aespect: the assumption of a linear shear profile at the micro-
Wagner-type integral mod¢B3] would be a logical starting emulsion length scale is inappropriate in this sample. How-
point, although it would require formulating a damping func- ever, it is also plausible that the physical picture of a single,
tion that could account for both the moderate strain-fluctuating order parameter implicit in the Teubner-Strey
hardening and subsequent strain-softening behavior seen model[Eq. (1)] cannot adequately describe the detailed local
Fig. 15b). A more satisfying use of these transient datastructure and dynamics of three-component materials in
would be as a platform for testing the transient predictions ofvhich an amphiphile is strongly confined to an interface. The
more sophisticated theories such as that @féld and Daw-  “smearing out” of scattered intensity in the predictions of
son[13,14]. In light of the deficiencies described above re-Fig. 7 is perfectly sensible within the model, but hard to
garding the steady state predictions of this particular theoryeconcile with a molecular-scale picture. Conversely, the ex-
however, it appears that detailed comparisons between theperimental structure factor measureme(fgy. 3) strongly
transient data and theory are perhaps best postponed ungiiggest that interface is, in some crude sense, conserved and
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< 0.4 stress fromS(q); however, use of the full expressions does
N 03 not change these conclusiof3]. There are also intrinsic
S limitations to the experimertfinite g range, access to only a
q 02 single slice of reciprocal spac¢hat might adversely affect
<3 01 prospects for confirming a stress-x-ray rule if it really did
N exist. If steady state data in Fig. 10 show that no stress-x-ray
= 0 . . . ; - .
‘7 rule exists in this sample, the inception data on Fig. 11 dem-
~ 01 onstrate that there are still profound connections between the
4 02 anisotropic structure factor and stresses in the nonlinear re-
~ gime. These connections, however, seem highly dependent
-0.34 on the details of the transient flow. Shear flow cessation data
(Fig. 13 show that x-ray anisotropy and stress relax via a
very different pathway than that by which they both grow
0.8 upon flow inception. It appears that fundamentally different

g
=N

<
N

(A/2) sin2y ; Acos2X
N

(A/2) sin2); Acos2y

Time (sec)

mechanisms for stress generation exist within the micro-
emulsion during the inception and cessation protocols, and
that these mechanisms may be more subtle than the Landau-
Ginzburg modeling can captur€Experience with “stress-
birefringence hysteresis” in dilute polymer solutions points
out the dangers in trying to characterize complex distribution
functions with low-order momenf{29]; it is possible that the
second moment tensor employed here may be too blunt an
instrument to resolve more subtle differences in the full
structure factorS(q) during flow inception and cessatign.
Here, again, the issue of viscosity contrast in this particular
sample looms large, but in the absence of a model capable of
coping with this factor, it is difficult to speculate on whether
there are other physical processes at play in the experiment
that the model fails to capture.

The stress-x-ray failure at steady state has potential bear-
ing on another interesting characteristic of this sample.
While this paper has concentrated on nonlinear phenomena
in regime Il (prior to the onset of flow-induced macroscopic
phase separatipnthe appearance of a stress plateau is an-
other remarkable feature of this sample, which we have
sought to characterize in detdil9]. Stress plateaus are fre-
quently observed in entangled solutions of “living” worm-
like surfactant micelles, and have attracted significant theo-
retical interest. Such plateaus have generally been interpreted
in either of two ways. The first takes the stress plateau to

FIG. 18. Nonlinear behavior in large-amplitude oscillation: re- reflect a shear banding instability due to a nonmonotonic

sponse of microemulsion structure factor to oscillatory shear deforgependence of shear stress on shear rate within a single
mation at 10°C and 200% strain. X-ray shear stress analoghase material, such as would be predicted from reptation-
A sin 2y (O), first normal stress difference analdgcos 2v (®),  hased theories for the nonlinear rheology of entangled worm-
and input strain waveédashed curveas a function of time(a) f  |ike micelles[36]. The second takes the stress plateau to be a
=0.003125 Hz(b) f=0.0125 Hz(c) f=0.05 Hz. manifestation of a shear-induced transition from an isotropic
to a nematic phage7]. Evidence for both shear banding and
rotatedwithin the x-y plane by the shear flow leading to the shear-induced phase transitions exist in various surfactant
accumulation of scattered intensity along the gradient direcsystems, and Berret suggests tkait least in some cases
tion. We speculate that it might also be necessary to formuboth mechanisms may act in parall88].
late theoretical models with an explicit treatment of the local Despite the very different equilibrium structure in the mi-
interfacial structure in bicontinuous microemulsions to morecroemulsion, there are strong similarities in the transient rhe-
accurately represent their structure and rheology under shealogy we have measured in regime[I119] and the published
Some work in this direction has been attempiad,35. data on surfactants. In the microemulsion case, there is com-
The second major difficulty concerns the failure to find apelling direct visual evidence that shear flow induces mac-
robust stress-x-ray relation as predicted by thezéld and rophase separation in regime [I17]. We hypothesize that
Dawson analysis. Admittedly, the second moment tensothe stress plateau in this sample is firmly connected with this
used here to characterize x-ray anisotropy is of somewhgihase separation. However, it is almost irresistible to point
simpler form than the theoretical expressions for computingut that P&zold and Dawson’s theory predicts a nonmono-
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tonic dependence of “excess” stress on shear rate, and heneeattered intensity that is observed in experiment and not
would, like the tube model, naturally predict a shear bandingpredicted by the theory. We tentatively attribute this discrep-
instability. The structural underpinnings of this nonmonoto-ancy to the model’s assumption of a uniform velocity profile
nicity are, in fact, evident in our data, where thkey compo-  at the microemulsion length scale, which appears to be inap-
nent of(§q) exhibits a maximum as a function of shear ratepropriate in this sample owing to high viscosity contrast be-
(Fig. 5. However, as seen in Fig. (d), stress-x-ray failure tween the constituents of this sample. Although no “stress-
in this material means that thbackground-correctecshear x-ray” law exists in this microemulsion system, strong
stress continues to rise within regime Il even aftg,) has  connections have been found between x-ray anisotropy and
begun to decrease with increasing rate. Once within regimetress during transient flow inception experiments. However,
I, it is much harder to prove definitively whether or not a stress decays much more rapidly than structure factor anisot-
mechanical instability associated with nonmonotonic rheol+opy following flow cessation. Although the mechanical re-
ogy in the microemulsion may play any role as a precursor teponse of this sample exhibits a Rouse-like spectrum of re-
macroscopic phase separation. However, the available dalaxation times, the second moment tensor used to
suggest that, were the phase separation not to intervene, thbaracterize anisotropy in the structure factor exhibits nearly
microemulsion would by itself continue to exhibit a mono- single-exponential relaxation. A rheologically inspired phe-
tonically increasing shear stress with increasing shear rateomenological model for the second moment tensor provides
[19]. essentially quantitative predictions of the structural response

in step strain and oscillatory shear flow at moderate strains,

V. CONCLUSIONS although additional nonlinearity is found at higher strains.

This study demonstrates the powerifsitu synchrotron
X-ray scattering to provide detailed information on the non-
equilibrium structure factor in complex fluids under flow. Of
note are(i) access to the structure factor in the flow-gradient This work was supported by the donors of the ACS Pe-
(x-y) plane, which has provided particularly direct and usefultroleum Research Fund, and through the MRSEC program of
information about shear-induced deformation and rotation othe NSF under Grant Nos. DMR-9809364 at the University
bicontinuous microemulsion structure; aril) high time  of Minnesota, and DMR-0076097 at Northwestern Univer-
resolution that has provided the ability to study structuresity. X-ray experiments were conducted at the DuPont-
development in a wide range of transient flows, and facili-Northwestern-Dow Collaborative Access TedDND-CAT)
tated deep tests of the connection between microscopic stru&ynchrotron Research Center located at Sector 5 of the Ad-
tural changes and bulk rheology. It may be anticipated, angdtanced Photon Source. DND-CAT is supported by the E.I.
in some cases has been born (22,39, that application of DuPont de Nemours & Co., the Dow Chemical Company,
the annular cone and plate x-ray shear cell to other types aind the National Science Foundation through Grant No.
materials can lead to new insights into the structural origind©dMR-9304725 and the State of lllinois through the Depart-
of complicated rheology in structured fluids. ment of Commerce and the Board of Higher Education Grant

In the PEE-PDMS bicontinuous microemulsion studiedNo. IBHE HECA NWU 96. The use of the Advanced Photon
here, the effects of shear on the steady state structure diff§ource was supported by the U.S. Department of Energy,
from the predictions of Raold and Dawson’s Landau- Basic Energy Sciences, Office of Energy Research under
Ginzburg model, primarily in the strong enhancement inContract No. W-31-102-Eng-38.
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