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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 model of Pa¨tzold 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.

DOI: 10.1103/PhysRevE.66.041401 PACS number~s!: 83.80.Iz, 83.60.Bc, 82.70.Kj, 64.75.1g
ra
an

u
ce
a

ki
n
u
io
e
e
oi
ris
y
te

d
o

n
o

und
ase

bi-
der
his

em,

an-
I. INTRODUCTION

Self-assembly processes mediated by amphiphilic inte
tions in surfactant systems are of intense theoretical
practical interest. Ternary oil-water-surfactant~OWS! mix-
tures can exhibit a rich array of ordered and disordered fl
phases@1,2#. The surfactant typically occupies the interfa
between oil-rich and water-rich domains where a subtle b
ance between energetic interactions and entropic pac
considerations determine the interfacial curvature and he
the morphology of the fluid phases. One particularly intrig
ing structural state is that of a bicontinuous microemuls
@3# featuring a spongelike structure of interpenetrating n
works of oil and water with surfactant at the interfac
Changes in the relative solubility of the surfactant in the
and water phases with temperature lead to a characte
‘‘fish-shaped’’ isopleth ~vertical slice through the ternar
phase prism corresponding to a constant ratio of oil-to-wa
volume fractions! @1,2#.

Bates and co-workers have established that suitably
signed ternary polymer blends consisting of immiscible h
mopolymers~A andB!, and their corresponding diblock~A-
B!, also exhibit an equilibrium bicontinuous microemulsio
phase@4–8#. Due to the simpler temperature dependence
the thermodynamic interactions in such polymer systems@8#,
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the isopleth phase diagram is rather simpler than those fo
in OWS systems. Figure 1 presents an example for the c
of a ternary blend of poly~ethyl ethylene! ~PEE!, poly~dim-
ethyl siloxane! ~PDMS!, and poly~ethyl ethylene-b-dimethyl
siloxane! ~PEE-PDMS! diblock copolymer@5#. The blend is
constructed withNPEE;NPDMS and NPEE-PDMS;5NPEE, a
condition that assures that the critical temperature of the
nary homopolymer blend is comparable to the order-disor
transition temperature of the pure symmetric diblock. T

FIG. 1. Isopleth phase diagram for ternary PEE-PDMS syst
at constant 1:1 ratio of PEE and PDMS homopolymer@7#. A bicon-
tinuous microemulsion phase exists in a narrow composition ch
nel at total homopolymer concentration of around 90 vol %~inset
shows schematic illustration of bicontinuous structure!.
©2002 The American Physical Society01-1
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diagram is an isopleth in which the volume fractions of t
two homopolymers are equal, and is presented as a func
of total homopolymer concentration. At a block copolym
concentration of around 10 vol %~near where mean-field
theory predicts an isotropic Lifshitz point@4,9#!, a bicontinu-
ous microemulsion phase is found, which is stable ove
wide temperature range. This strategy has now been use
create bicontinuous microemulsions in five different tern
blends of theA/B/A-B type @4,5,7,10#, all exhibiting isop-
leth phase diagrams similar to Fig. 1. More recently, bico
tinuous microemulsions have also been found in tern
polymer blends of homopolymersA andB with diblock co-
polymer A-C @11#. Due to the possibility for different tem
perature dependence in theA-B and A-C interactions, this
type of system may be constructed in a way to more clos
mimic the ‘‘fish’’ phase diagrams found in OWS systems.

The free energy landscape underlying formation of bic
tinuous microemulsion phases was elucidated by Teub
and Strey@12#, who demonstrated that only three terms in
Landau-Ginzburg free energy expansion are necessar
capture the essential features observed in neutron and x
scattering patterns from microemulsion samples. Their
pansion may be written as

F~f!5a2f21c1~“f!21c2~¹2f!2, ~1!

wheref is the scalar order parameter. This expression le
to the following form of the equilibrium structure facto
measured by scattering@12#:

S0~q!}
1

a21c1q21c2q4 . ~2!

The Teubner-Strey structure factor, Eq.~2!, provides an ex-
cellent fit to scattering data on many bicontinuous mic
emulsions, both in the OWS systems and their more rece
discovered polymeric counterparts. The characteristic s
tering peak results from values ofc1,0, which corresponds
to a system whose free energy, within this phenomenolog
framework, is lowered by the creation of interface.

Polymers have proved to be exceptionally well-suit
model systems for studying microemulsion thermodynam
and dynamics@4–7,10#. This is due to the wide temperatur
range over which the microemulsion phase is present, an
the slowing of dynamic phenomena relative to OWS s
tems. While there have been detailed theoretical predict
of linear and nonlinear rheology of microemulsions on t
basis of time-dependent Landau-Ginzburg models such
Eq. ~1! @13,14#, there are very few rheological data availab
on OWS microemulsions@15,16#. These data show shea
thinning in the viscosity, but experiments had to be p
formed at extremely high shear rates,O(104) s21, due to the
rapid structural relaxation.

This paper is a part of an ongoing study of rheology a
shear-induced structural changes in a PEE-PDMS poly
bicontinuous microemulsion~i.e., the system of Fig. 1!. This
microemulsion sample exhibits a wide array of comp
rheological and phase behavior under flow. An overview
the phenomena observed in steady shear flow has been
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in Ref. @17#. At low rates~‘‘regime I’’ ! the response is New
tonian, andin situ neutron scattering experiments demo
strate negligible perturbation toS(q). At somewhat higher
rates~‘‘regime II’’ ! the viscosity shows shear thinning, an
S(q) is rendered anisotropic by the flow. A further increa
in shear rate leads to more dramatic changes. In ‘‘reg
III,’’ the shear stress exhibits a plateau that is independen
shear rate. The sample becomes turbid as a result of a s
induced transition to a phase-separated state. At still hig
shear rates~‘‘regime IV’’ ! stress once again increases w
increasing shear rate. Eventually, all vestiges of the orig
microemulsion scattering peak are eliminated, and
sample behaves essentially like a phase-separated pol
blend under shear. The steady state rheology and struc
@18#, transient rheology and structure@19#, and connections
between the quiescentS(q) and linear viscoelasticity of this
sample@20# have all been described.

In this paper, we focus on the nonlinear structural a
rheological phenomenaprior to the onset of bulk phase sep
ration. Although small-angle neutron scattering~SANS! data
demonstrate that shear thinning in regime II is associa
with deformation of the microemulsion structure@17,18#, the
available data provide an incomplete picture of the structu
changes taking place within the microemulsion. As in m
SANS experiments under shear, our earlier studies emplo
a Couette shear device in whichS(q) is probed only in the
flow-vorticity, or x-z, plane.~Following standard notation
we consider shear flow of the formv5ġ(t)yex , so that ‘‘x’’
denotes the flow direction, ‘‘y’’ denotes the gradient direc
tion, and ‘‘z’’ denotes the vorticity or neutral direction.! In
sheared complex fluids, the most significant structu
changes often take place within the flow-gradient, orx-y,
plane. While a neutron shear cell capable of probing t
projection of fluid structure has been constructed by Noi
and Lapp@21#, the comparatively long exposure times ne
essary in neutron scattering limit its applicability to stea
state flows. We therefore employ a recently constructed x-
shear cell modeled after the neutron shear cell of Noirez
Lapp, which allows direct measurements ofS(q) in the x-y
plane @22#. The high flux available at synchrotron sourc
permits measurements with sufficient time resolution to
able a comprehensive study of transient flow phenom
such as shear inception and cessation, step strain, and o
latory shear.

II. EXPERIMENT

A. Materials

PEE, PDMS, and the corresponding copolymer were s
thesized using anionic polymerization; details on the synt
sis procedures are available elsewhere@5#. The samples used
here have molecular weights of 1710, 2130, and 10 400,
spectively, with low polydispersities (Mw /Mn<1.1). The
diblock copolymer is nearly symmetric;f PEE50.52. In both
homopolymer and copolymer, the PEE was deuterated
saturating the precursor 1,2-polybutadiene with deuteriu
The microemulsion sample was prepared with volume co
position of 10% copolymer, 45% PEE, and 45% PDM
Both the molecular weights and volumetric compositions
1-2



i
u

y
s
n

n
la

o
in
e
g
°C
tm
is

ng

d

l t
e
ts
et
at
ra

si

ar
a
te

u
th
th

the
gle

.5
the
he
ple;
ects
m
em
le

rom
m-

late.
ay
ws
um
l the
he-
per
rs
ting

racy

sing

ton
n-
r
ol-
am

to
er
e air
the
eral
the
in
ing

full
or at
ata
ata
igh
ges
ri-
of

ses

ring
o

la
; t
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this sample render it roughly symmetric in a thermodynam
sense, a condition that facilitates formation of the bicontin
ous microemulsion phase@4,9#. However, the sample is ver
asymmetric dynamically; for instance, at 20 °C, the visco
ties of the PEE and PDMS homopolymers are 26 a
0.026 Pa s, respectively@18#. Due to their low molecular
weights, the rheology of the pure homopolymer compone
is Newtonian, with no measurable elasticity in either oscil
tory or steady shear.

B. Mechanical rheometry

Rheological data were obtained primarily with a Rhe
metrics Scientific ARES controlled strain rheometer, us
50-mm-diameter cone and plate fixtures with a cone angl
0.02 rad. A convection oven with liquid nitrogen coolin
accessory was used to control temperature to within 0.1
these measurements were performed under nitrogen a
sphere. Due to the limited normal force sensitivity in th
instrument, additional measurements were performed usi
Rheometrics fluids spectrometer~RFS! using 50-mm diam-
eter cone and plate fixtures with a cone angle of 0.04 ra~a
larger angle was used to reduce possible squeezing flow
tifacts associated with axial compliance!. This instrument
uses a recirculating water bath for temperature contro
within 0.2 °C. Numerous transient experiments were p
formed under identical conditions using both instrumen
The transient shear stress measured by the two rheom
agreed to within a few percent. Reliable normal force d
could be obtained on the ARES only in the higher shear
regions ~‘‘regime III and IV’’ ! @19#; all normal force data
used in this paper were collected using the RFS.

C. In situ x-ray scattering

The x-ray scattering measurements were performed u
a shear cell illustrated schematically in Fig. 2@22#. The cen-
tral portions of a traditional cone and plate geometry
removed, creating annular fixtures. The incident x-ray be
is directed through a hole in the fixed lower annular pla
passes through the center of the device at the virtual tip
the cone, and then through the sample between the ann
cone and plate on the opposite side of the shear cell. In
way, the beam propagates along the vorticity direction of
shear flow and probesS(q) in the flow-gradient plane. The

FIG. 2. Schematic representation of annular cone and p
x-ray shear cell. The cone angle is exaggerated in this image
actual angle is 5°.
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cone angle is 5°. Since the x-ray beam is horizontal,
entire shear cell is mounted on a platform tilted to an an
of 2.5°.

The inner and outer radii of the annular fixtures are 1
and 2.5 cm, respectively, giving a path length through
sample of 1 cm. A thin barrier extends upwards from t
lower plate at the interior surface to help contain the sam
however, the outer edge is free in order to reduce end eff
in the shear flow field. The two fixtures are machined fro
aluminum, and mounted on ceramic posts to isolate th
thermally from other shear cell components. Thin flexib
heaters are glued to the faces of the fixtures opposite f
the sample, and are driven by a controller that monitors te
perature using a thermocouple embedded in the lower p

The portion of the shear cell containing the fixtures m
be enclosed using clear acrylic covers with Kapton windo
for the incident and scattered x-rays. This permits a heli
purge to reduce air scattering at small angles, and to coo
sample environment below ambient conditions. The inlet
lium gas was cooled by passing it through a length of cop
tubing immersed in liquid nitrogen. The electrical heate
then maintained the desired sample temperature by hea
against this constant cooling load. We estimate the accu
of temperature control to be61 °C.

The x-ray scattering measurements were performed u
beam line 5ID -D, in the DuPont-Northwestern-Dow~DND-
CAT! synchrotron research facility at the Advanced Pho
Source, Argonne National Laboratory. Radiation with an e
ergy of 17 keV (l50.73 Å) was selected from an undulato
beam using a double-crystal monochromator, and highly c
limated using two sets of slits located 32 and 13 m upstre
of the sample, each set to a square gap of 200mm. A pinhole
was placed immediately prior to the shear cell in order
clean up flare from the collimating slits. A vacuum chamb
was placed between the shear cell and detector to reduc
scattering. Despite the high collimation of the beam and
vacuum chamber behind the sample, there were sev
inches of air surrounding the shear cell and upstream of
collimation pinhole, as well as several Kapton windows
the x-ray path. This led to parasitic background scatter
that complicates data analysis~see below!. Two-dimensional
small-angle x-ray scattering~SAXS! images were collected
using a charge-coupled device detector~Roper!. The detector
software has provisions for storing data for a subset of its
active area. This feature enabled us to operate the detect
maximum spatial resolution while reducing the size of d
files and, more importantly, increasing the rate at which d
could be read and stored to disk. When coupled with the h
flux of the undulator source, this enabled us to collect ima
at a maximum turnover of approximately 0.5 frame/s. Pe
odically, images were collected using the full active area
the detector to verify that no interesting features~e.g.,
higher-order reflections from shear-induced ordered pha!
were missed.

D. Representative x-ray patterns and normalization procedures

Figure 3 presents steady state images collected du
shear flow of the PEE-PDMS microemulsion at 15 °C. Tw

te
he
1-3
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features are evident in these patterns: an isotropic scatte
ring that becomes anisotropic upon application of shear a
strong lozenge-shaped feature at lower angles, which d
not change significantly as a function of shear rate. We
tribute this latter feature to parasitic scattering upstream
the sample, which is masked by the hole in the lower pl
through which the beam passes. A small vertical misali
ment of the hole axis relative to the beam would explain t
shape. Despite this unwelcome complication, these ima
make clear that shear flow has a significant effect on
microemulsion structure factor. The initially isotropic rin
becomes anisotropic, with peaks in scattered intensity
first appear at angles near245°/1135° relative to the flow
direction and then intensify and rotate towards the veloc
gradient direction.

Quantitative comparisons among scattering patterns
quire that they first be normalized relative to the incide
flux, which varies from one image to another. We have fou
that the strong air scattering measured in each image fram
an effective surrogate for the incident beam flux. All expe
ments conducted at a given temperature were normalized
single block as follows. First, a large number of quiesc
patterns was selected. The intensity scale in these im
was normalized by an intensity averaged over the low-q re-
gions indicated in Fig. 3~a!. Then an additional numerica
scaling factor was determined so that the normalized qu
cent images gave a scaled intensity equal to 1 at the pea
the microemulsion scattering ring. The same procedu
were then applied to all shear flow data collected at t
temperature. Since the quiescent scattering intensity cha
with temperature, this procedure was repeated separate
each temperature used.

The images in Fig. 3 have all been subjected to this n
malization, and are presented using identical false co
scales. This helps clarify the important fact that, in cert
regions in theqx ,qy plane, the structure factor is signifi
cantly larger than its quiescent value. This contrasts w
SANS data collected in theqx ,qz plane, where scattering i
suppressed along the flow direction while remaining roug
constant along the vorticity direction in regime II@17,18#.
Still higher rates~within regime III! lead to a suppression i
SANS intensity along both the flow and the vorticity dire
tions, and the emergence of additional low-q scattering asso
ciated with the development of shear-induced bulk ph
separation@17,18#. Indications of this may be found in Figs
3~d!–3~f!, where a low-q streak perpendicular to the flow
direction is superimposed on the parasitic scattering feat
At these higher rates, the intensity of the microemulsion f
ture also decreases with increasing shear rate, consistent
the neutron scattering observations in regime III@note that
the shear stress plateau delineating regime III begins at r
of around 1 s21 at 15 °C@17#, corresponding to the image i
Fig. 3~d!#. Since the low-q scattering significantly overlap
the parasitic scattering, and since we have previously c
acterized the low-q excess scattering using SANS data@18#,
we focus here on phenomena at lower rates, below the o
of bulk phase separation, but where shear neverthe
strongly perturbs the structure factor.
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To extract compact measures of shear-induced anisot
from SAXS patterns that are not dominated by the paras
scattering at small angles, we have adopted a correction
cedure outlined schematically in Fig. 4. First, a large num
of normalized, quiescent patterns are fit to the Teubner-S
structure factor, which may be written in scaled form as

Ŝ0~ q̂!5
S0

Smax
5

12b

bq̂422bq̂211
, ~3!

where q̂5q/qmax is a scaled scattering vector. In this form
the shape of the structure factor is determined by a sin
parameterb5c1

2/4c2a2 , which is the square of the am
phiphilicity factor frequently used to characterize bicontin
ous microemulsion thermodynamics@7#. This fitting was per-
formed using quiescent SAXS data along theqy direction,
since the influence of the parasitic scattering does not ex
as far along this axis. The values ofb so determined were in
excellent agreement with those previously obtained from
ting quiescent SANS data@20#. Figure 4~b! illustrates a nor-
malized Teubner-Strey structure factor that has been fi
many quiescent datasets~of which Fig. 4~a! is a single ex-
ample!. Subtracting the Teubner-Strey fit from each quie
cent pattern then leaves a normalized image of the para
scattering itself. Anaverageparasitic pattern@Fig. 4~c!# was
derived by averaging such results from many quiescent s
tering patterns. As with the normalization, this procedu
was repeated separately at each temperature.

All normalized data collected during shear at a given te
perature were corrected by subtracting this normalized p
sitic pattern@Fig. 4~d!#. This procedure was reasonably e
fective; however, the correction was imperfect near the be
stop, and could even lead to anomalous behavior such
negative intensities that would significantly bias subsequ
measurements of anisotropy. To reduce the impact of th
remaining parasitic effects, a circular region in the center
every corrected image was replaced by the quiesc
Teubner-Strey model fit@Fig. 4~e!#. This is purely anad hoc
procedure, but it has the virtue that it ‘‘fills in’’ information
obscured by the beam stop in addition to removing mos
the anisotropic bias inadvertently created by the initial ima
correction procedure. Despite the fact that the image has
dergone considerable manipulation, the result@e.g., Fig. 4~f!#
represents a significant improvement and should suppo
reasonably robust analysis of shear-induced anisotropy.

III. RESULTS

We first analyze changes inS(q) under flow using a
simple second moment tensor to characterize the degree
direction of shear-induced deformation. These results al
for a critical evaluation of the Landau-Ginzburg model
Pätzold and Dawson@13,14#, through a quantitative compari
son between computed structure factors and data on the P
PDMS microemulsion. Significant differences are found b
tween the model predictions and experiment. We then tur
a survey of transient experiments including shear flow inc
tion, reversal and cessation, step shear strain, and oscilla
shear.
1-4
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A. Steady shear:S„q… and second moment tensor

We characterize the anisotropic scattering by computin
second moment tensor of the dimensionless scattering ve
q̂ weighted by the normalized structure factor:

^q̂q̂&5E E q̂q̂Ŝ~ q̂!dq̂x dq̂y . ~4!

Here the integral is carried out overuq̂x ,q̂yu<1.5 ~the range
covered by the patterns in Figs. 3 and 4!. In the case of an
isotropic, quiescent structure factor, this tensor has non
diagonal elements given by

^q̂x
2&5^q̂y

2&5
1

2
^q̂2&05

1

2 E E q̂2Ŝ0~ q̂!dq̂x dq̂y , ~5!

FIG. 3. ~Color! Representative steady state SAXS images fr
PEE-PDMS microemulsion under shear at 15°C and shear rate
~a! 0, ~b! 0.1, ~c! 0.3, ~d! 1.0, ~e! 3.0, and~f! 4.0 s21. The lozenge-
shaped feature in the center of the pattern is parasitic scattering
passes through the aperture in the shear cell. The intensity sca
all images is normalized such that the peak intensity in the mic
emulsion scattering pattern in the quiescent state equals unity. C
changes thus directly reflect suppression or enhancement in
tered intensity. The images presented here~and used in analysis! are
centered on the incident beam, and cover the rangeuq̂xu,uq̂yu<1.5.
At 15 °C, qmax50.075 nm21. Boxes near the beamstop in parts~a!
and~b! indicate regions in which parasitic scattering was monito
for normalizing with respect to incident beam flux~see text!.
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whereŜ0(q̂) is given in Eq.~3! above. Finally, we apply one
more normalization, dividing the second moment tensor^q̂q̂&
by 1

2 ^q̂2&0 , so that, in the quiescent state, the diagonal co
ponents are 1 and the off-diagonal components are 0.

Figure 5 presents the results of this analysis for ste
state data collected at 15 °C. At the lowest rates the scatte
is nearly isotropic. As shear rate increases the off-diago
element̂ q̂xq̂y& grows in magnitude; due to the enhanceme
in scattering in the second and fourth quadrants, this quan
is negative. At the same time,^q̂y

2& grows and^q̂x
2& de-

creases, leading to anisotropy in the difference of the dia
nal elementŝ q̂x

2&2^q̂y
2& ~also a negative quantity!.

It is worth noting at this juncture that the excess rheolo
cal properties associated with the deformation of the mic
emulsion structure are predicted to be expressible in term

of

hat
in
-

lor
at-

d

FIG. 4. ~Color! Procedure used to correct image for paras
scattering. For each temperature, a number of normalized quies
images~a! have been fit to the Teubner-Strey structure factor@Eq.
~3!# ~b!. This is subtracted off to reveal the intrinsic shape of t
parasitic scattering~c!. Each normalized image obtained und
shear flow@for instance, Fig. 3~c!, shear rate50.3 s21] is corrected
by subtracting the parasitic scattering~d!. Imperfect correction near
the beam stop is accounted for by replacing the central portion
the image with the quiescent Teubner-Strey structure factor ap
priate for that temperature~e!, leading to the final corrected imag
~f!. Such images are then analyzed using Eqs.~4!–~7! to extract
measures of anisotropy and orientation angle.
1-5
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moments of the nonequilibrium structure factor that are v
similar to ^q̂xq̂y& and^q̂x

2&2^q̂y
2& @13,14# ~although the rheo-

logical properties are expressed in terms of integrals ove
of reciprocal space, whereas these measurements are
fined to a single slice of reciprocal space withqz50). In
limited cases, we have analyzed the x-ray data using
exact integrands that emerge from the theory@23#, but as
discussed further below, these more complex analyses do
yield materially different results. In light of this, and reco
nizing that our experimental data are limited both at
low-q and high-q end, the simpler characterization embodi
in Eq. ~4! seems sufficient. At the same time, it is reasona
to hope that~and we shall investigate the extent to whic!
these second moment tensor quantities are related to the
rheology. One brief but important example is already app
ent in Fig. 5, wherêq̂xq̂y& exhibits a maximum as a functio
of shear rate. This agrees with Pa¨tzold and Dawson’s predic
tion of a maximum in the excess microemulsion shear st
as a function of shear rate@14#. We shall return to this spe
cific issue at greater length in subsequent sections.

Another way to characterize anisotropy is via the diffe
ence of the eigenvalues of^q̂q̂&. When normalized using the
quiescent data as described above, this leads to a conve
quantity that we refer to as a ‘‘normalized principal anis
ropy,’’

D[
A„^q̂x

2&2^q̂y
2&…214^q̂xq̂y&

2

1

2
^q̂2&0

. ~6!

This is complemented by an orientation anglex that defines
the rotation of the principal axes of^q̂q̂& relative to the flow
direction @24#:

x5
1

2
tan21S 2^q̂xq̂y&

^q̂x
2&2^q̂y

2& D . ~7!

A ‘‘shear stress analog’’̂q̂xq̂y& is given by 1
2 D sin 2x, and a

‘‘first normal stress difference analog’’^q̂x
2&2^q̂y

2& is given
by D cos 2x @24#. There are obvious and useful parallels

FIG. 5. Normalized second moment tensor components a
function of shear rate in steady shear at 15 °C.
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-flow birefringence@25#; we will consider the extent to which
a ‘‘stress-x-ray’’ law may be valid in this type of comple
self-assembled fluid.

Figure 6~a! presents steady state measurements of an
ropy and orientation angle as a function of shear rate at
different temperatures. At each temperature, anisotropy
creases with shear rate, but at some point it reaches a m
mum and begins to decrease. At the same time the orie
tion angle decreases with increasing shear rate from a l
rate asymptote of 45°; at high rates it appears thatx may
reach a limiting value. While temperature has some effect
the details of these data, its major influence is to change
shear rate at which anisotropy develops. In light of the sim
larity in shape, Fig. 6~a! presents data in reduced form b
shifting along the shear rate axis. We performed the shift
usingx, although theD values are also well reduced by th
procedure. A similar reduced plot of anisotropy in SAN

a

FIG. 6. ~a! Normalized principle anisotropyD ~filled symbols!
and orientation anglex ~open symbols! as a function of reduced
shear rate in steady shear experiments conducted at temperatu
10 ~l,L!, 15 ~m,n!, 20 ~j, !, 25 ~.,,!, and 30 °C~d,s!. Data
have been shifted to a reference temperature of 15 °C.~b! Shift
factor as a function of temperature~d!, compared to shift factors
associated with prior rheological measurements of average
coelastic relaxation time of microemulsion~L, Ref. @20#!, and de-
velopment of anisotropy in neutron scattering measurements~n,
Ref. @18#!.
1-6
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TIME-RESOLVED SMALL-ANGLE X-RAY SCATTERING . . . PHYSICAL REVIEW E66, 041401 ~2002!
data collected within the flow-vorticity plane was presen
by Krishnan and co-workers@18#. The interpretation here, a
in that case, is that increasing temperature reduces the
age relaxation time of the microemulsion so that higher sh
rates are required to induce a given degree of anisotr
Figure 6~b! compares the temperature dependence de
mined from shifting the x-ray data to that measured from
neutron anisotropy data, as well as to a rheological mea
of the average relaxation time of the microemulsion@18#.
The agreement is gratifying and establishes that these ex
ments all probe the same fundamental dynamic phenom
However, the very strong temperature dependence of the
croemulsion relaxation time, and in particular the fact tha
is much stronger than the temperature dependence of
zero-shear viscosity, presents a challenge for theoretical
dictions of microemulsion rheology@20#.

B. Steady shear: Landau-Ginzburg model predictions

There have been numerous theoretical descriptions
complex fluid structure under shear based on Land
Ginzburg expansions for the free energy@26–28#. Our mea-
surements of a microemulsion structure factor under sh
provide an unusually clear basis for testing the prediction
such models. Here we draw particularly upon the work
Pätzold and Dawson@13,14#, who performed a detailed
analysis of the effects of shear on the structure factor
microemulsion fluids and the associated rheological beh
ior. They started with an expansion of the free energy@Eq.
~1!# in terms of an order parameterf, which here would be
taken to be the local deviation in PEE or PDMS monom
volume fraction from its mean value of 0.5. Their full anal
sis considered higher-order terms; here, however, we pre
calculations retaining only the quadratic terms@as in Eq.~1!#.
The structure factors computed below are qualitatively v
similar to those derived from the more complete theory@14#.
Following established procedures, Pa¨tzold and Dawson
wrote down a stochastic differential~Langevin! equation for
the order parameter field, assuming a linear shear flowv
5ġ(t)yex for the convective terms in the equation. This fo
mulation assumes that the macroscopic deformation pro
applies at all length scales within the microemulsion, i
there is no perturbation to the velocity field associated w
local variations in the order parameter.

The equation governing the structure factor under sh
may be derived from the Langevin equation. Neglecting
effects of higher-order terms in the free energy expans
this yields

]S~q,t !

]t
12Lq2K~q!S~q,t !2ġ~ t !qx

]S~q,t !

]qy
52Lq2T,

~8!

whereS(q,t) is the structure factor andL is a microscopic
mobility ~Onsager coefficient!. This equation is written for
the case of a conserved order parameter. The vertex func
K is given by

K~q!5c2q41c1q21a2 . ~9!
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Note that under quiescent conditions, this yields Eq.~2!
above for the equilibrium structure factor. It is apparent th
according to Eq.~8!, the structure factor is unaffected by th
flow if qx50. This prediction follows directly from the as
sumption of a uniform velocity gradient in shear.

Here we consider only steady state predictions. By an
ogy to the experimental analyses described above, Eq.~8!
may be written in dimensionless form

dŜ~ q̂!

dq̂y
5A~ q̂!Ŝ~ q̂!2B~ q̂!, ~10!

whereA andB are given by

A~ q̂!5
q̂2~122bq̂21bq̂4!

~12b!Deq̂x
, ~11!

B~ q̂!5
q̂2

Deq̂x
. ~12!

In this expression, De is a dimensionless shear rate~Deborah
number! defined by

De5
ġ

2La2~12b!qmax
2 . ~13!

~This expression employs the characteristic relaxation t
identified by Pa¨tzold and Dawson, Eq.~11! in Ref. @13#.!

The first-order ordinary differential equation forŜ(q̂)
may be formally solved using an integrating factor, leadi
to

Ŝ~ q̂!52E
2`

q̂y
dq̂y8S q̂x

21q̂y8
2

Deq̂x
Dexp@C~ q̂y2q̂y8!1D~ q̂y

32q̂y8
3!

1E~ q̂y
52q̂y8

5!1F~ q̂y
72q̂y8

7!#, ~14!

where

C5
q̂x

222bq̂x
41bq̂x

6

~12b!Deq̂x
, ~15!

D5
3bq̂x

424bq̂x
211

3~12b!Deq̂x
, ~16!

E5
3bq̂x

222b

5~12b!Deq̂x
, ~17!

F5
b

7~12b!Deq̂x
. ~18!

The integral in Eq.~14! is performed numerically to comput
Ŝ(q̂) in the (q̂x ,q̂y) plane. As discussed by Pa¨tzold and
Dawson@14#, this integral is problematic as Deq̂x→0; how-
ever, using a fine integration step size, we have had suc
in computing results down to reasonably small Debo
number.
1-7
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CAPUTO et al. PHYSICAL REVIEW E 66, 041401 ~2002!
Figure 7 presents computations of nonequilibrium str
ture factors for several representative shear rates. Thes
presented in normalized form over the same dimension
scattering vector range, and using the same false color s
as the presentation of experimental data in Fig. 3. We n
that the qualitative behavior of these structure factors co
puted using the simplified theory are very similar to tho
computed by Pa¨tzold and Dawson with the fuller theory@14#.
Thus, we feel the simple model provides a sufficient basis
addressing the main issues. While the computed struc
factors also become anisotropic under shear, several qua
tive features in Figs. 3 and 8 are quite different. An import
distinction is the fact that, except forqx50, the theory gen-
erally predicts that scattered intensity issuppressed. This
clearly disagrees with the behavior seen in the experim
where the emergence of peaks in scattered intensity re
both a suppression of intensity along the flow direction a
an enhancement in scattered intensity at the peak positi

These differences are further evident when the compu
structure factor is subjected to the same second moment
sor analysis used on the experimental data. The second

FIG. 7. ~Color! Structure factor computed from Landau
Ginzburg model of microemulsion under shear, Eq.~14!. Images are
computed using the valueb50.69 fit to quiescent scattering data
15 °C, and are presented using the same conventions and color
as in Fig. 3. Deborah numbers are~a! 0, ~b! 0.5, ~c! 1.5, ~d! 4.5, ~e!
13.5, and~f! 40.5.
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ment tensor is constructed by performing the integral in E
~4! over the same limits in the computation as used in
experiments. Together with the normalization procedures
scribed earlier, this assures that these results may be c
paredquantitativelyagainst the experimental results of Fig
5 and 6 ~except for an arbitrary shift along the shear ra
axis!. Figure 8~a! presents the normalized second mome
tensor components analogous to the experimental data in
5. Many aspects are shared between the data and the m
calculation~notably the maximum in̂q̂xq̂y& with increasing
shear rate!. The key difference is in the behavior of^q̂y

2&. In
the computation, botĥq̂x

2& and ^q̂y
2& are suppressed by th

shear, although to different degrees. In the experiments, h
ever, ^q̂y

2& initially increases, reflecting the enhancement i
scattered intensity in the anisotropic microemulsion pe
This has further consequences when comparingD and x
computed from the theoretical structure factors@Fig. 8~b!#.
While the predicted behavior is qualitatively similar to th
seen in Figs. 5 and 6, in general the theoryunderpredictsthe
degree of anisotropy andoverpredictsthe orientation angle.
Both of these reflect the greater-than-expected first nor
stress difference analog found in experiment, traceable a
to the enhancement in scattering intensity.

ale

FIG. 8. ~a! Normalized second moment tensor components
rived from computed structure factors. These may be compa
directly against experimental data in Fig. 5.~b! Normalized princi-
pal anisotropyD and orientation anglex derived from computed
structure factors. These may be compared directly against ex
mental data in Fig. 6.
1-8
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TIME-RESOLVED SMALL-ANGLE X-RAY SCATTERING . . . PHYSICAL REVIEW E66, 041401 ~2002!
Particularly after comparing Figs. 6~a! and 8~b!, one
might conclude that, on balance, the theory captures the
perimental behavior quite well except for some quantitat
discrepancies. However, the x-ray data on the PEE-PD
microemulsion reveal a fundamental problem in the mo
formulation. Specifically, having assumed that the local
locity field is unaffected by the microemulsion structure, th
theory predicts that there is no change in the structure fa
along qx50. Figure 9~a! presents 1D slices of the exper
mental data along this axis, and makes clear that there
substantial changes in structure factor specifically where
theory says nothing should change. Significantly, th
changes occur well within ‘‘regime II,’’ prior to the develop
ment of excess low-q scattering associated with the flow
induced bulk phase separation~at rates above 1 s21 at this
temperature!. The scans in Fig. 9~a! are simple vertical pixel
scans from the digital images. Due to a small orientat
offset in the detector@24#, we have also specifically invest
gated changes in scattering atq̂x50, q̂y51 @Fig. 9~b!# by
computing this exact location on the image using an orien
tion angle correction factor@24#; the basic conclusions ar
the same.

FIG. 9. ~a! One-dimensional cuts of experimentally measur

normalized structure factorŜ(q̂x50) at several representative she
rates. The data for 0.05 s21 ~heavy line! are essentially the same a

a quiescent pattern.~b! Normalized structure factorŜ(q̂x50, q̂y

51) as a function of shear rate.
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The proscription of a uniform velocity field is the logica
starting point in developing a model for shear-induced str
tural changes in microemulsions, and the same assump
has been routinely made in other contexts@26,27#. Given the
extreme viscosity contrast between the PEE and PDMS
mopolymers under the conditions of these experiments
would be hard to imagine a more severe test case. Howe
these results underscore the need to develop more elab
microscopic descriptions of order-parameter-dependent
cosity and the associated coupling between microstruct
evolution and the detailed microscopic velocity profil
Some efforts have been made in this direction in the con
of disordered block copolymers@28#.

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

As noted above, the second moment tensor^q̂q̂& used to
characterize anisotropy in the microemulsion structure fac
is quite similar to the structure factor moments used to c
culate the excess stress tensor associated with deformati
the microemulsion structure under shear@14#. This suggests
the possibility of strong connections between the SAXS d
and the rheology of the microemulsion. The strongest s
connection would be a ‘‘stress-x-ray law’’

D

2
sin 2x5Cs, ~19a!

D cos 2x5CN1 , ~19b!

analogous to the stress-optical law that is widely obeyed
flexible polymers@25#, wheres andN1 are the shear stres
and first normal stress difference, respectively, andC is the
‘‘stress-x-ray’’ coefficient.

Figure 10 presents steady state data collected at 15 °
test whether or not such a stress x-ray law is suggested
this sample. The shear stress@Fig. 10~a!, heavy solid curve#
shows three of the four characteristic regimes previou
documented in this sample: Newtonian~I!, shear thinning
~II !, and stress plateau~III !; the onset of regime IV~where
shear stress again increases! is just visible at the highest rate
presented in Fig. 10. We have shaded the higher shear
portions of this figure to emphasize that there is no expe
tion of a stress-x-ray relation once flow-induced phase se
ration has occurred. Even with the more sensitive RFS r
ometer, reliableN1 data ~star symbols! could only be
collected at shear rates of 0.2 s21 and above at this tempera
ture, providing a narrow shear rate range within regime
where both shear and normal stress data are availabl
appears thatN1 also exhibits a plateau at higher rates@19#,
although the values decrease slightly across regime III.

The x-ray analogs of shear stress and first normal st
difference are also plotted in Fig. 10~a!. Note that both ver-
tical axes span a dynamic range of 200, so the shapes o
x-ray and mechanical data may be sensibly compared
proceed with more quantitative comparisons, we must fi
address the fact that any stress-x-ray law would only hold
the ‘‘excess’’ stresses associated with the distortion of
self-assembled fluid structure itself, and not for stresses
sociated with the shear deformation of the pure compone
1-9
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CAPUTO et al. PHYSICAL REVIEW E 66, 041401 ~2002!
The situation is analogous to that of flow birefringence m
surements in polymer solutions, where the stress-optical
only holds for the polymer contributions to the stress a
birefringence, and solvent contributions must first be s
tracted. In the present case, however, it is impossible to m
independent measurements of the pure component pro
ties, given the complex and rate-dependent morphology
the microemulsion and its temperature-dependent stat
mixing. Since the molecular weights of all of the polym
samples are very low, it is reasonable to assume that the
component stresses are purely viscous in nature; this is
nitely true for the two homopolymers. We have previous
confronted this issue within an analysis of the linear v
coelasticity of this microemulsion sample@20#. In that work,
it was concluded that the limiting viscosity measured at h

FIG. 10. ~a! X-ray stress analogs12 D sin 2x ~n! and D cos 2x
~m!, left ordinate; and shear stress~heavy solid curve! and first
normal stress difference~.!, right ordinate, as a function of shea
rate in steady shear flow at 15 °C. The dashed line gives visc
stress predicted from the high frequency background viscosity m
sured in small-amplitude oscillatory shear, and the thin solid l
gives the ‘‘background-corrected’’ shear stresss2hbġ. ~b!
‘‘Stress-x-ray ratio’’ computed from data in part~a!. ~n! Computed
using background-corrected shear stress.~.! Computed using first
normal stress difference. Also shown are values computed f
transient background-corrected shear stress data in flow incepti
10 °C ~L! @see Fig. 11~b!, below#.
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frequency~which we dub a ‘‘background’’ viscosityhb) pro-
vides a reasonable estimate of the purely viscous respon
the pure constituents. At 15 °C, this background viscos
was estimated to be 10.0 Pa s@18,20#, which accounts for
12% of the total microemulsion zero-shear viscosity.

A simple strategy is to compute a ‘‘backgroun
corrected’’ shear stress according to

scorr5s2hbġ, ~20!

where it is assumed that the background viscosity that c
acterizes the purely viscous dissipation of the pure com
nents in equilibrium oscillatory testing holds also for nonli
ear steady shear flow. Figure 10~a! shows that this
assumption becomes grossly untenable within regime
where the estimated ‘‘background’’ stress eventually exce
the total measured stress. Given that the sample has ex
enced bulk phase separation in regime III, and that one
these phases may be, in essence, extremely low visco
PDMS, the failure of Eq.~20! is not surprising. Even within
regime II, however, Eq.~20! may be questionable. The struc
ture factors~Fig. 3! show that the sample evolves towards
state in which, crudely speaking, interface whose normal w
initially parallel to the flow direction has been rotated t
wards the gradient direction. This would imply a partial lo
of ‘‘connectivity’’ along the gradient direction. Given th
very high contrast in viscosity between the PEE and PD
homopolymers used in this microemulsion, one might ea
anticipate that the relative amount of deformation sustai
within the PEE- and PDMS-rich ‘‘domains’’ changes as t
underlying morphology evolves from the initially undistorte
bicontinuous structure towards one whose continuity alo
the gradient direction is progressively degraded. It is far fr
clear whether the background viscosity measured under e
librium conditions remains relevant under these circu
stances. However, the only alternative to using Eq.~20! is to
simply neglect the background viscosity completely.

Using Eq.~19a!, we have computed the stress-x-ray ra
C using the background-corrected shear stress@Fig. 10~b!#.
There is no universal stress-x-ray law in this sample:C is a
strongly decreasing function of shear rate within regime
At the three shear rates for which both steadyN1 and x-ray
data are available, we have also computed the stress-x
ratio using Eq.~19b!. Although this can only be done for
few points, the normal stress data provide the cleaner
since the measuredN1 unambiguously reflects only exces
microemulsion stresses. TheC values determined from the
normal stress data agree very well with those determi
from the background-corrected shear stress data. While
ing short of a stress-x-ray law, this suggests that there is
a strong geometric connection between the x-ray second
ment tensor and the excess stress tensor, and, further, th
correction strategy for the shear stress embodied in Eq.~20!
is reasonably sound within regime II.

As noted above, the components of the second mom
tensor defined by Eq.~4! differ from the moments ofS(q)
that Pätzold and Dawson use to compute stresses in th
theory by an additional factor of (12q̂2) in the integrand of
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Eq. ~4!. Using steady state data at 15 °C, we have reanaly
data in strict accord with the Pa¨tzold and Dawson stress ex
pressions, and have found that there is no significant qu
tative change in behavior from Fig. 10@23#. In particular,
even when the theoretical structure factor moments are u
no stress-x-ray rule exists for this sample.

This discussion has focused only on data collected
15 °C, since the quantity and quality of available data, b
x-ray and mechanical, are highest for this temperature.
10~b! also includesC values determined from a more limite
consideration of transient background-corrected shear s
and x-ray data collected at 10 °C~see the following section!.
At this temperature as well,C decreases significantly with
increasing shear rate within regime II.

D. Shear flow inception, reversal, and relaxation

Due to a favorable combination of long characteristic
laxation times and the time resolution possible using s
chrotron radiation, time-dependent changes in the mic
emulsion structure factor may readily be measured at lo
temperatures. Here we focus exclusively on behavior wit
regime II; transient rheology and complementary tim
resolved small-angle light scattering data in regime III a
presented elsewhere@19#. Upon inception of shear flow, th
transient response of anisotropy and orientation angle in
microemulsion structure factor is remarkably similar
analogous measurements of birefringence and orienta
angle in nonlinear shear flow of conventional polymer l
uids @Fig. 11~a!#. Indeed, in light of this similarity it is im-
portant to reiterate that the homopolymers contained in
sample are unentangled and Newtonian. The orienta
angle starts at 45°, and then drops to a steady state value
depends on the shear rate. At the same time, the anisot
reaches its steady state value after a mild overshoot. As
in Fig. 11~a!, at short times the initial response scales w
the applied shear strain.

The similarity to the nonlinear rheology of polymers e
tends to the x-ray stress analogs, as well. Figure 11~b! pre-
sents the shear stress analog1

2 D sin 2x converted to a stres
using the~rate-dependent! C values presented in Fig. 10~b!.
Although this sample does not obey a stress-x-ray law i
strict sense, there is remarkable agreement in the tran
shear stress and x-ray shear stress analog once their s
state values have been reconciled. With increasing shear
the transient behavior evolves from a monotonic growth
shear stress~which follows the linear viscoelastic limit a
sufficiently low rate@19#! to a large shear stress oversho
Reliable transientN1 data are much more difficult to obtain
but Fig. 11~c! demonstrates that the connection between n
mal stress and its x-ray analog is also strong. Here the
chanical data are rather noisier than the x-ray data; howe
it appears thatN1 also exhibits a transient overshoot
higher rates within regime II.

Figure 12 presents mechanical and x-ray data obta
upon reversal of shear flow direction in terms of shear str
and its x-ray analog. This experiment reveals a breakdow
the close connection between the x-ray and mechanica
sponse. There is a significant discrepancy at short tim
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where the shear stress changes sign in response to the
reversal much more rapidly than the corresponding com
nent of the x-ray second moment tensor.

Upon cessation of shear flow, the normalized princip
anisotropy exhibits nearly single-exponential decay, wh
the orientation angle remains more or less constant a
prior steady state value@Fig. 13~a!#. This provides an inter-
esting departure from the analogy with flexible polym
birefringence, where the orientation angle typically evolv
towards a smaller value during the relaxation. In polyme
this is associated with the distribution of relaxation time
Given the single-exponential relaxation ofD, a constant
value ofx during the relaxation is expected.

FIG. 11. Transient data during shear inception at 10 °C and r
of 0.1 ~l,L!, 0.2 ~m,n!, and 0.5 s21 ~j, !. ~a! Normalized prin-
cipal anisotropyD ~filled symbols! and orientation anglex ~open
symbols! vs applied strain.~b! Comparison between transient b
havior of ‘‘background-corrected’’ shear stresss2hbġ ~solid lines!
and x-ray shear stress analog~symbols!. ~c! Comparison between
transient behavior of first normal stress differenceN1 ~solid lines!
and x-rayN1 analog~symbols!. Values ofC are given in Fig. 10
above.
1-11
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The relaxation data also provide a significant contr
when compared with mechanical data@Fig. 13~b!#. The x-ray
shear stress analog shows essentially the same si
exponential relaxation that would be anticipated from F
13~a!. However, the shear stress~smooth curves! exhibits a
rapid initial drop before ultimately relaxing with a slowe
relaxation time comparable to that which governs the rel
ation of x-ray anisotropy. It is important to recognize th
this rapid drop in stress isnot associated with the viscou
background stresses alluded to earlier. All of the comparis
in Figs. 11–13 have used background-corrected stress
and the corresponding background-correctedC values from
Fig. 10. During the prior steady state@Fig. 11~b!#, and at the
shortest times for which mechanical shear stress data ma
obtained during relaxation~;0.01–0.1 s!, the shear stres
and its x-ray analog agree well. This initial drop in she
stress, while poorly resolved on the linear time scale in F
13~b!, occurs well within the time resolution of these m
chanical measurements and is too slow to be attribute
viscous effects. Comparing Figs. 11~b! and 13~b!, it is clear
that there are very different relationships between the x-
second moment tensor and the stress tensor during shear
inception and relaxation. At present we offer no explanat
for this. It is interesting to note, however, a superficial sim
larity between this behavior and the spectacular stress-op
failure in dilute polymer solutions in strong transient flow
known as ‘‘stress-birefringence hysteresis’’@29#. A final in-
triguing aspect of Fig. 13~b! is how, after a short time, the
shear stress becomes nearly independent of the previo
applied shear rate, while the x-ray data remain vertica
shifted throughout the relaxation process according to t
prior degree of anisotropy during steady shear.

E. Step strain and oscillatory shear flow: Experiment and
phenomenological modeling

We now turn to step strain deformations. As would
anticipated from the steady shear relaxation data, anisot

FIG. 12. Comparison between transient behavior
‘‘background-corrected’’ shear stresss2hbġ ~solid lines! and
x-ray shear stress analog~symbols! following shear flow reversal a
10 °C. Shear rates are 0.1~L!, 0.2 ~n!, and 0.5 s21 ~ !. Values of
C are given in Fig. 10 above.
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relaxes in an essentially single-exponential decay follow
step strain, while the orientation angle remains nearly c
stant@Fig. 14~a!#. The behavior ofx indicates that the shea
stress andN1 x-ray analogs both relax at the same rate. T
orientation angle decreases as applied strain increases;
els that invoke an affine deformation of microstructure ma
the following prediction for orientation angle following
step strain deformation:

x5
1

2
tan21S 2

g0
D , ~21!

whereg0 is the magnitude of the applied strain. This rel
tionship is seen to hold for the microemulsion@Fig. 14~b!#.
This is equivalent to noting that the x-ray analogs of sh
stress andN1 obey the Lodge-Meissner relation@30#.

Figure 15~a! considers the shear stress analog in grea
detail. As anticipated from Fig. 14, it obeys a singl
exponential relaxation that may be expressed as

f

FIG. 13. Transient data following shear flow cessation at 10
and rates of 0.1~l,L!, 0.2 ~m,n!, and 0.5 s21 ~j, !. ~a! Nor-
malized principal anisotropyD ~filled symbols! and orientation
anglex ~open symbols! vs time.~b! Comparison between transien
behavior of shear stress~solid lines! and x-ray shear stress analo
~symbols! following shear flow cessation. Values ofC are given in
Fig. 10 above.
1-12
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D

2
sin 2x5g0G~ t !5g0G exp~2t/t!, ~22!

whereG(t) is a relaxation modulus analog, taken here to
a single-exponential function characterized by an ‘‘x-ray a
isotropy modulus’’G and a relaxation timet. All of the data
in Fig. 15~a! are well represented using a valuet520 s, and
obey time-strain factorability. The strain-dependent values
G determined by fitting Eq.~22! to the data are presented
Fig. 15~b!. By analogy to conventional rheology, it is reaso
able to expect a regime of linear response in whichG is
independent of strain, followed by a nonlinear regime
higher strains. Due to the restricted number of strain val
used in these experiments, it is not clear if or where a lin
regime exists. The modulusG initially increases somewhat a
strain increases from 20% to 50%, and then drops more
matically at higher strains.

Data presented here and in the preceding section conv
ingly show that the anisotropy in the structure factor prob
in these SAXS experiments, at least as characterized by
second moment tensor@Eq. ~4!#, exhibits robust single-
exponential relaxation. This is in interesting contrast to lin

FIG. 14. Response of microemulsion structure factor to s
strain deformation at 10 °C.~a! Normalized principal anisotropyD
~closed symbols! and orientation anglex ~open symbols! vs time
following step strain of magnitude 20%~l,L!, 50%~m,n!, 100%
~j, !, 150%~.,,!, and 200%~d,s!. ~b! Initial orientation angle
as a function of applied strain; solid curve represents predictions
affine deformation@Eq. ~21!#.
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viscoelastic rheological data for this microemulsion, whi
exhibit a Rouse-like spectrum of relaxation times@20#, in
qualitative agreement with the predictions of Pa¨tzold and
Dawson@14#. The step strain relaxation data also show tim
strain factorability, where the time dependence is in go
agreement with oscillatory shear data@19# ~that is, there is a
spectrum of relaxation times for shear stress relaxation
lowing a step strain!. It is thus clear that here, as in Fig
13~b!, there will be significant deviations from any hypo
thetical stress-x-ray law. The strain dependence of the
chanical step strain data is reproduced in Fig. 15~b! in terms
of the damping function

h~g0!5
G~ t,g0!

G~ t !
. ~23!

In mechanical testing, the response is linear to strains
50%, and then shows strain-softening behavior at hig
strains@19#. Adjusting the scales of the vertical axes in Fi

p

or

FIG. 15. ~a! X-ray shear stress analog following step strain d
formation of magnitude 20%~L!, 50%~n!, 100%~ !, 150%~,!,
and 200%~s! at 10 °C. Solid line represents single-exponent
predictions of Eq.~22! using G50.378 andt520 s. ~b! X-ray
modulus analogG~m! as a function of applied strain, based on st
strain measurements at 10 °C. Also presented is the shear s
damping function~n, line! derived from mechanical step strai
experiments at 10 °C@19#.
1-13
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CAPUTO et al. PHYSICAL REVIEW E 66, 041401 ~2002!
15~b!, we find that the strain dependences of the shear st
and its x-ray analog are similar overall, provided one
sumes that the x-ray data at 20% strain are within the lin
response regime. Interestingly, however, the mechanical
do not show the mild strain-hardening behavior suggeste
the x-ray results@31#. The origin of this discrepancy is no
known.

We have also subjected the microemulsion sample to
cillatory shear over a range of frequencies and strains. Fig
16 shows representative results at 50% strain~the smallest
strain for which oscillatory testing was performed!, in terms

FIG. 16. Response of microemulsion structure factor to osc
tory shear deformation at 10 °C and 50% strain. X-ray shear st
analog1

2 D sin 2x ~s!, first normal stress difference analogD cos 2x
~d!, and input strain wave~dashed curve! as a function of time.~a!
f 50.003 125 Hz.~b! f 50.0125 Hz. ~c! f 50.05 Hz. Solid curves
through data are predictions of phenomenological model@Eq. ~26!#
as described in the text.
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of the time-dependent shear stress andN1 analogs. The re-
sponse is, overall, very similar to that expected for a v
coelastic fluid. The shear stress analog oscillates at the i
frequency, but with a phase and amplitude that vary with
frequency used. At low frequencies, there is a signific
phase difference between the applied strain and the resu
shear stress analog, while at the highest frequency the p
angle is very small~the dashed lines in Fig. 16 represent t
input strain wave form!. This is an interesting contrast, d
rectly related to the single-exponential relaxation of the x-
anisotropy, to the mechanical results that asymptote a
phase angle near 45° at high frequency@20#. TheN1 analog
oscillates around a nonzero mean at twice the applied
quency.

The time-dependent shear stress analog may be reso
into components in phase and out of phase with the app
strain. If g(t)5g0 sinvt, and assuming a linear respons
then

D

2
sin 2x5g0@G8~v!sinvt1G9~v!cosvt#. ~24!

For single-exponential relaxation@Eq. ~22!#, the ‘‘x-ray stor-
age and loss moduli’’ are given by

G8~v!5
Gv2t2

11v2t2 , G9~v!5
Gvt

11v2t2 . ~25!

The in-phase and out-of-phase components of the x-ray s
stress analog were extracted from data, like those in Fig.
using cross correlation~only using data after the initial tran
sient period!. Figure 17 shows that the modulus and rela
ation time determined from step strain data at 50% str
provide for a reasonable prediction of the oscillatory
sponse using Eqs.~24! and ~25!. Thus, it appears that 50%
strain is small enough to yield a nearly linear response, F
15~b! notwithstanding.

-
ss

FIG. 17. X-ray analogs of storage and loss moduliG8 ~d! and
G9 ~s!, measured during oscillatory shear at 10 °C and 50% str
Solid curves present predictions of Eqs.~24! and ~25! using G
50.442 andt520 s, determined from step strain at 50% stra
~The data may be more accurately fit usingG50.442 and t
524 s.)
1-14
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To analyze the time-dependent normal stress analo
greater detail, we consider the following phenomenologi
model for the doubly normalized second moment tensor
the form of an upper-convected Maxwell~UCM! or Lodge
equation@32#:

^q̂q̂&
1
2 ^q̂2&0

1t
^q̂q̂&
“

1
2 ^q̂2&0

52GtD, ~26!
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whereG is a ‘‘modulus,’’ t is a relaxation time,D is the rate
of deformation tensor, and superscript ‘‘“’’ denotes an
upper-convected time derivative. This model reproduces
single-exponential step strain predictions@Eq. ~22!#, while
also predicting the existence of a normal stress analog s
that Eq. ~21! is satisfied~in other words, it predicts the
Lodge-Meissner relation!. In oscillation, the shear stress an
log predictions are the same as those given above in E
~24! and ~25!, while it also predicts the existence of norm
components given by
D cos 2x5G8~v!g0
2F11

3v2t2

114v2t2 sin 2vt1
122v2t2

114v2t2 cos 2vt G . ~27!
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~Note that this equation, like Eq.~24! above, neglects the
initial transient during the startup of oscillatory shear.! While
this UCM-like model predicts nonlinear phenomena such
the existence of normal components of^q̂q̂&, it cannot pre-
dict nonlinearity in its shear ‘‘stress’’ response; hence
restrict its use to the data collected at the smallest strai
50%, which is apparently already somewhat outside the
ear range. As in Fig. 17, we use the ‘‘modulus’’ value me
sured in step strain. However, noting that the data in Fig.
could be more faithfully described using a slightly modifi
relaxation time of 24 s, we use this value here. Figure
includes predictions of Eq.~26! for shear stress andN1 x-ray
analogs in oscillatory shear, drawn as solid lines. After
initial transient period, this phenomenological model p
vides essentially quantitative predictions of the tim
dependent x-ray data at this moderate strain level.

We have collected similar oscillatory datasets at lar
strains of 100% and 200%; Figs. 18~a!–18~c! present illus-
trative data at three frequencies for experiments at a st
amplitude of 200%. The larger strain leads to~i! larger an-
isotropy overall and a largerN1 analog in particular, and~ii !
visible nonlinear effects in the shapes of the wave form
which are no longer sinusoidal. It might be interesting
continue to explore the relationships among the data
lected in these various nonlinear transient flows by extend
the modeling to incorporate more substantial nonlineari
in the formulation of a phenomenological anisotropy mod
Given the time-strain factorability observed in step strain
Wagner-type integral model@33# would be a logical starting
point, although it would require formulating a damping fun
tion that could account for both the moderate stra
hardening and subsequent strain-softening behavior see
Fig. 15~b!. A more satisfying use of these transient da
would be as a platform for testing the transient predictions
more sophisticated theories such as that of Pa¨tzold and Daw-
son @13,14#. In light of the deficiencies described above r
garding the steady state predictions of this particular the
however, it appears that detailed comparisons between t
transient data and theory are perhaps best postponed
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such theories are refined to the point where they can pro
a more accurate portrayal of steady state.

IV. DISCUSSION

These SAXS and rheology data provide an opportunity
explore detailed connections between flow-induced struct
changes and rheology in an interesting complex fluid,
bicontinuous microemulsion phase inA/B/A-B ternary poly-
mer blends. Available theory@13,14# suggests that knowl-
edge of the nonequilibrium structure factor should be su
cient to predict the stresses. We have previou
demonstrated that this theory describes the qualitative
pects of the linear viscoelasticity quite satisfactorily, but th
there are significant quantitative discrepancies@20#. Results
presented here suggest that, not surprisingly, the data in
nonlinear regime provide an even more stringent test of
type of theory.

Two major difficulties are revealed. First, the qualitati
response of the structure factor~Fig. 3! is plainly different
from the predictions of the theory~Fig. 7!. This is almost
certainly due in part to the fact that this particular sam
should have a highly concentration-dependent viscosity
would certainly impact the local velocity profile on th
length scale of the concentration fluctuations. Convers
the theory postulates a uniform shear profile at all len
scales. The results in Fig. 9 seem definitive in at least
respect: the assumption of a linear shear profile at the mi
emulsion length scale is inappropriate in this sample. Ho
ever, it is also plausible that the physical picture of a sing
fluctuating order parameter implicit in the Teubner-Str
model@Eq. ~1!# cannot adequately describe the detailed lo
structure and dynamics of three-component materials
which an amphiphile is strongly confined to an interface. T
‘‘smearing out’’ of scattered intensity in the predictions
Fig. 7 is perfectly sensible within the model, but hard
reconcile with a molecular-scale picture. Conversely, the
perimental structure factor measurements~Fig. 3! strongly
suggest that interface is, in some crude sense, conserved
1-15
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rotatedwithin the x-y plane by the shear flow leading to th
accumulation of scattered intensity along the gradient dir
tion. We speculate that it might also be necessary to form
late theoretical models with an explicit treatment of the lo
interfacial structure in bicontinuous microemulsions to mo
accurately represent their structure and rheology under sh
Some work in this direction has been attempted@34,35#.

The second major difficulty concerns the failure to find
robust stress-x-ray relation as predicted by the Pa¨tzold and
Dawson analysis. Admittedly, the second moment ten
used here to characterize x-ray anisotropy is of somew
simpler form than the theoretical expressions for comput

FIG. 18. Nonlinear behavior in large-amplitude oscillation: r
sponse of microemulsion structure factor to oscillatory shear de
mation at 10 °C and 200% strain. X-ray shear stress ana
1
2 D sin 2x ~s!, first normal stress difference analogD cos 2x ~d!,
and input strain wave~dashed curve! as a function of time.~a! f
50.003 125 Hz.~b! f 50.0125 Hz.~c! f 50.05 Hz.
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stress fromS(q); however, use of the full expressions do
not change these conclusions@23#. There are also intrinsic
limitations to the experiment~finite q range, access to only
single slice of reciprocal space! that might adversely affec
prospects for confirming a stress-x-ray rule if it really d
exist. If steady state data in Fig. 10 show that no stress-x
rule exists in this sample, the inception data on Fig. 11 de
onstrate that there are still profound connections between
anisotropic structure factor and stresses in the nonlinear
gime. These connections, however, seem highly depen
on the details of the transient flow. Shear flow cessation d
~Fig. 13! show that x-ray anisotropy and stress relax via
very different pathway than that by which they both gro
upon flow inception. It appears that fundamentally differe
mechanisms for stress generation exist within the mic
emulsion during the inception and cessation protocols,
that these mechanisms may be more subtle than the Lan
Ginzburg modeling can capture.@Experience with ‘‘stress-
birefringence hysteresis’’ in dilute polymer solutions poin
out the dangers in trying to characterize complex distribut
functions with low-order moments@29#; it is possible that the
second moment tensor employed here may be too blun
instrument to resolve more subtle differences in the f
structure factorS(q) during flow inception and cessation#
Here, again, the issue of viscosity contrast in this particu
sample looms large, but in the absence of a model capab
coping with this factor, it is difficult to speculate on wheth
there are other physical processes at play in the experim
that the model fails to capture.

The stress-x-ray failure at steady state has potential b
ing on another interesting characteristic of this samp
While this paper has concentrated on nonlinear phenom
in regime II ~prior to the onset of flow-induced macroscop
phase separation!, the appearance of a stress plateau is
other remarkable feature of this sample, which we ha
sought to characterize in detail@19#. Stress plateaus are fre
quently observed in entangled solutions of ‘‘living’’ worm
like surfactant micelles, and have attracted significant th
retical interest. Such plateaus have generally been interpr
in either of two ways. The first takes the stress plateau
reflect a shear banding instability due to a nonmonoto
dependence of shear stress on shear rate within a s
phase material, such as would be predicted from reptat
based theories for the nonlinear rheology of entangled wo
like micelles@36#. The second takes the stress plateau to b
manifestation of a shear-induced transition from an isotro
to a nematic phase@37#. Evidence for both shear banding an
shear-induced phase transitions exist in various surfac
systems, and Berret suggests that~at least in some cases!
both mechanisms may act in parallel@38#.

Despite the very different equilibrium structure in the m
croemulsion, there are strong similarities in the transient r
ology we have measured in regime III@19# and the published
data on surfactants. In the microemulsion case, there is c
pelling direct visual evidence that shear flow induces m
rophase separation in regime III@17#. We hypothesize tha
the stress plateau in this sample is firmly connected with
phase separation. However, it is almost irresistible to po
out that Pa¨tzold and Dawson’s theory predicts a nonmon

r-
g
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tonic dependence of ‘‘excess’’ stress on shear rate, and h
would, like the tube model, naturally predict a shear band
instability. The structural underpinnings of this nonmono
nicity are, in fact, evident in our data, where thex-y compo-
nent of^q̂q̂& exhibits a maximum as a function of shear ra
~Fig. 5!. However, as seen in Fig. 10~a!, stress-x-ray failure
in this material means that the~background-corrected! shear
stress continues to rise within regime II even after^q̂xq̂y& has
begun to decrease with increasing rate. Once within reg
II, it is much harder to prove definitively whether or not
mechanical instability associated with nonmonotonic rhe
ogy in the microemulsion may play any role as a precurso
macroscopic phase separation. However, the available
suggest that, were the phase separation not to intervene
microemulsion would by itself continue to exhibit a mon
tonically increasing shear stress with increasing shear
@19#.

V. CONCLUSIONS

This study demonstrates the power ofin situ synchrotron
x-ray scattering to provide detailed information on the no
equilibrium structure factor in complex fluids under flow. O
note are~i! access to the structure factor in the flow-gradie
~x-y! plane, which has provided particularly direct and use
information about shear-induced deformation and rotation
bicontinuous microemulsion structure; and~ii ! high time
resolution that has provided the ability to study structu
development in a wide range of transient flows, and fac
tated deep tests of the connection between microscopic s
tural changes and bulk rheology. It may be anticipated,
in some cases has been born out@22,39#, that application of
the annular cone and plate x-ray shear cell to other type
materials can lead to new insights into the structural orig
of complicated rheology in structured fluids.

In the PEE-PDMS bicontinuous microemulsion studi
here, the effects of shear on the steady state structure d
from the predictions of Pa¨tzold and Dawson’s Landau
Ginzburg model, primarily in the strong enhancement
-
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scattered intensity that is observed in experiment and
predicted by the theory. We tentatively attribute this discre
ancy to the model’s assumption of a uniform velocity profi
at the microemulsion length scale, which appears to be in
propriate in this sample owing to high viscosity contrast b
tween the constituents of this sample. Although no ‘‘stre
x-ray’’ law exists in this microemulsion system, stron
connections have been found between x-ray anisotropy
stress during transient flow inception experiments. Howe
stress decays much more rapidly than structure factor an
ropy following flow cessation. Although the mechanical r
sponse of this sample exhibits a Rouse-like spectrum of
laxation times, the second moment tensor used
characterize anisotropy in the structure factor exhibits ne
single-exponential relaxation. A rheologically inspired ph
nomenological model for the second moment tensor provi
essentially quantitative predictions of the structural respo
in step strain and oscillatory shear flow at moderate stra
although additional nonlinearity is found at higher strains
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