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Fast relaxation of a hexagonal Poiseuille shear-induced near-surface phase
in a threadlike micellar solution
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The dynamics of near-surface conformations in complex fluids under flow should dramatically affect their
rheological properties. We have made the first measurements resolving the decay kinetics of a hexagonal phase
induced in a threadlike polyionic micellar system under Poiseuille shear near a quartz surface. Upon cessation
of shearing flow, this minimum interference crystalline phase formed within;20 mm of the surface ‘‘melts’’
to a metastable two-dimensional liquid of aligned micelles in;0.7 s. This is some three orders of magnitude
shorter than the time required for bulk~Couette! shear-aligned micelles in this system to reach a fully entangled
state.@S1063-651X~99!50808-8#

PACS number~s!: 82.70.Dd, 61.12.Ex, 61.25.Hq, 83.50.By
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In aqueous solution some surfactants aggregate
threadlike micelles, highly extended structures a few nm
radius but with contour lengths of order micron, which e
tangle giving rise to complex fluid properties similar to tho
of long chain polymer solutions. However, as self-assemb
structures, these micelles continually break and recombin
an interplay strongly affected by the micellar charge arran
ment, since the binding and species of counterion and
supporting electrolyte alters the electrostatic screening
amphiphile headgroups and the micellar stiffness. These
tems display a rich variety of microscopic orderings and m
soscopic phase responses to flow. The earliest small-a
neutron scattering~SANS! studies used hydrodynamic align
ment along flowlines to determine individual micellar stru
tures@1,2#. Later investigations noted bulk shear-induced m
cellar elongation and consequent shear thickening@3#, so-
called ‘‘shear band’’ textures@5#, and work by our group
noted the Poiseuille shear-induced crystalline ordering un
flow near interfaces@4#, whose dynamics are the subject
this Rapid Communication. More recently, small-angle lig
scattering investigations have revealed shear-induced p
separations@6# and flow-aligned mesoscopic string phases
concentration above the bulk average@7#.

In the work presented here we investigate the kinetics
near-surface hexagonal phase we have observed in
threadlike micellar mixed counterion system consisting
the surfactants cetyltrimethylammonium 3,5 dichlorobe
zoate and CTABromide in 70:30 ratio at 20 mM concent
tion in aqueous solution (;1 wt %). The rheology of this
system is relatively complex. The micelles have a signific
linear charge density making them relatively stiff and t
entangled micellar network in solution is not only viscou
but strongly viscoelastic. Under flow the solution thins d
matically as the initially entangled micelles align@12#. Our
group has developed near-surface small-angle scatte
~NS-SANS! techniques to measure complex fluid states
der Poiseuille shearing flow in close proximity to a surfa
@8#. In our sample cell the solution is pumped through
shallow ~depthd51 mm! trough beneath a slab of polishe
quartz@9#. A neutron beam incident through the quartz sl
at grazing angle to the quartz-solution interface underg
PRE 601063-651X/99/60~2!/1146~4!/$15.00
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partial specular reflection at the interface and partial tra
mission into the solution. The macroscopic cross section
this solution is 0.9 cm21 and, at the transmitted beam’s sma
angle (;0.2°) to the interface, allows penetration to only
few tens of mm in depth beyond the quartz surface; th
allows us to use scattering of the transmitted beam to pr
the fluid in the shearing flow near the interface. At zero flo
the off-specular signal is very weak scattering of the tra
mitted beam by the entangled micelles. However, under fl
the specular reflection signal is surrounded by a clear sm
angle hexagonal diffraction pattern from transmitted be
scattering, showing that the initially entangled micelles n
only align along the flow direction but also ‘‘crystallize’
into a hexagonal array strongly oriented with respect to
surface along the whole near-surface flow path@Fig. 1~a!#.
Moreover, this is a distinct mesoscopic flow phase, wh
apparently, for its stability, depends on the proximity of t
interface. Using the crystal parameters derived from the
fraction patterns it can be shown that the scattering obse
for this system, over Couette bulk shear gaps~0.5 mm! in the
same shear regime, is inconsistent with any significant p
ence of the hexagonal phase in the bulk shear field~either
fully oriented with respect to the shear flow field or rotatio
ally ‘‘powder’’ averaged about the flow direction!. The data
rather indicate a two-dimensional~2D! liquid ordering of the
aligned micelles across the plane perpendicular to the fl
direction @10#.

As the schematic of the micellar flow pattern of Fig. 1~a!
suggests, we can expect the existence of this phase to
strong rheological consequences. Obviously, micelles in
crystal lattice planes parallel to the interface@the ~01!, hex-
agonally indexed# can move easily past each other as a wh
in the near-surface region, with minimal interference of t
micelles with each other and the interface. In our measu
ments, planes parallel to the quartz-solution interface
separated by 39 nm~8.5 times their 4.6 nm micellar diam
eter!. For our near-surface Poiseuille shear rates,ġ
;250 s21, succeeding layers have relative velocities
;10 000 nm/s. In contrast, for a liquid ordering, a micelle
nearest neighbors will be at different depths and willall be in
R1146 © 1999 The American Physical Society
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FIG. 1. ~Color! ~a! Schematic of hexagona
near-surface Poiseuille shear-induced micellar
dering. The arrows show the velocity of~01!
planes in laminar flow. The incident beam fo
NS-SANS measurements is along the flow dire
tion glancingly incident upon quartz-solution in
terface.~b! The raw SANS data:t<20 andt;5 s
~summed 0.5 binning time slices!, andt;30 min.
~c! The refraction corrected scattering patterns
the fully alignedt<0 and partially relaxedt;5 s
data. The overlays indicate the hexagonal latt
and the ring (l ) for the t;5 s relaxed state. The
neutron wavelength was 0.5 nm610% and the
angle of incidence to the quartz-solution interfa
u50.280°, corresponding to a specular reflect
ity vector transfer QR50.124 nm21. This is
above the critical wave vector for total extern
reflection at the interface (Qc50.10 nm21, uc

50.23°) and the reflection coefficient at the in
terface is 20%, so the probe beam transmiss
into the solution is 80% refracted to an angle
0.16°. To exit the cell a neutron must be scatter
back toward the quartz-solution interface, i.e.,
.0.32°. This corresponds to a limiting horizo
for observable in-solution scattering Qz

>(QR
22Qc

2)1/250.07 nm21, indicated by dotted
lines. The inset shows the indexing of the diffra
tion spots, with the apparent relative position
the specularly reflected beam designatedR. The
residual difference after subtraction of the stro
specular signal is not statistically significant.
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relative motion of this order. It seems likely that the dyna
ics of this near-surface phase should strongly affect to
solution’s microrheology, with properties depending on m
cellar entanglement and interference such as the liquid’s d
and stick-slip response to shear and flow changes gove
by its crystallization and relaxation times. Couette measu
ments on bulk shear ordering show alignment and de
times for this system of order 20–40 min@11#. Our initial
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measurements using the 30 m SANS instrument at the
Ridge National Laboratory could only determine that th
near-surface phase’s decay was at least an order of ma
tude faster.

In order to better track this rapid response to shear fl
changes, we employed the National Institute of Standa
and Technology SANS instrument NG3 in ‘‘the time sli
ing’’ mode: triggered acquisition of SANS data to hist
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gramming memory in a series of constant width time bi
Synchronizing the trigger with the cycled operation of o
Poiseuille shear cell allows the accumulation of statistica
significant scattering measurements on much shorter
scales than is possible for individual runs. In order to fu
resolve the relaxation process reported here, time binn
was done in two separate runs using available bin inter
0.5 s and 0.1 s over the instrument’s 16 bin range. The in
alignment of the micellar system during each cycle was d

over 20 s at an average cell flow speedv̄ of 10 mm/s. This
was the lowest flow velocity giving a fully saturated hexag
nal ordering signal in steady-state measurements and c
sponds to a shear rate in the first few 10’s ofmm from the

quartz surface ofġ;2002450 s21 @12#. Data acquisition
was triggered 1.0 s and 0.5 s, respectively, before the si
to stop the shear cell pump so that initial data bins allow
verification of full hexagonal ordering of the system befo
the cessation of shear. Neutron scattering patterns for the
and 1.6 s spanned by the two time binning schemes w
accumulated over approximately 1000 cycles in each case
elapsed times of 8 h with a 30% duty cycle for the 0.5
binning and 6.5 h at 7% for the 0.1 s binning~an extra 2 s
relaxation was added to the end of these cycles!.

Time-sliced measurements allow us to identify two sta
in the Poiseuille shear relaxation in this system@Fig. 1~b!#.
For t<0@21,t,0 s# the diffraction pattern surroundin
the specularly reflected beam indicates full shear orderin
the micelles in the near-surface region along the flow dir
tion in a hexagonal array strongly oriented with respect
the quartz-solution interface. Upon cessation of sheart
50, although the micelles remain aligned, the off-specu
scattering falls within seconds by about an order of mag
tude from thet<0 first order diffraction peak values, and
correspondingly rapid loss of orientational order results
the ring of scattering visible int;5 s data@3.5,t,6.5 s#.
Only over a longer time period (t;30 min!, consistent with
the bulk decay time from an aligned to a fully entangl
micellar state in bulk scattering measurements, does the
served off-specular ring scattering fall~by about a factor of
2! to a weaker background level of scattering from fu
entangled micelles in the static solution. In Fig. 1~c! the
SANS scattering patterns have been corrected for refrac
distortion and scattering volume effects to givein-solution
differential scattering cross-sectiondS/dV for t<0 and t
;5 s data. Subtraction of thet;30 min fully relaxed ‘‘back-
ground’’ signal eliminates the stronger specular reflect
signal, parasitic slit scattering in the reflection plane and
bulk scattering contribution@13#.

The strength of the ring of scattering in thet;5 s data
relative to that of the fully relaxedt;30 min signal shows
that the micelles initially remain aligned along the form
flow direction. Two possibilities are suggested by the ri
itself. Either~i! The hexagonal crystalline ordering, the min
mum state of electrostatic potential energy, is initially ma
tained locally, but has lost the strong orientation provided
the hydrodynamic field. In this case the ring is simply t
rotationally averaged powder pattern of the first order h
agonal diffraction peaks or~ii ! The ring represents the firs
strong ring of nearest neighbor scattering from a tw
dimensional liquid of aligned micelles. In this latter case
.
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can expect a shift between theQ of the first order crystalline
diffraction peaks and the ring. The scattering intensityI (Q)
for a two-dimensional liquid is given by the integral over th
pair correlation function multiplied byJ0(Qr). Taking the
derivative of I (Q) with respect toQ and assuming that the
pair correlation function has a well defined peak at the ne
est neighbor distance,r nn , the first observable maximum in
(QÞ0) in the liquid scattering corresponds to the third ze
in J1(Qrnn), which occurs forQ57.016/r nn @14#. The first
order diffraction peaks for a hexagonal lattice occur atQ
52p/(A3r nn/2)57.255/r nn . Simply assuming constan
density and that the nearest neighbor distances are the
for both phases, a liquid ring peak may be expected to oc
at aQ value 3.3% less than observed for first order diffra
tion spots. Figure 2~a! shows a sector cut ofdS/dV, aver-
aged within610° of theQz axis, as a function of scatterin
vector for thet<0 and t;5 s data. Comparison of mea
scattering intensity position of the 01 first order diffractio
and ring (l ) scattering peak region (0.11<Qz

FIG. 2. ~a! Differential cross section averaged within610° of
the Qz axis for thet<0 s andt;5 s data. This encompasses th
positions of the 01 and 02 difraction spots for thet<0 s data, while
the scattering ring position for thet;5 s data is indicated by the
script l . Inset: 01 andl peaks scaled to their maxima showing th
shift in the scattering position.~b! The time evolution of the inte-
grated 01 scattering peak cross section,s01, here and Fig. 2~c!; left
hand scale, open symbols; and for the 02 peaks02, right hand
scale, full symbols. Normalization is to the total specular reflect
cross section,sR . The background scattering level for the 01l

region att;30 min is indicated by the dashed horizontal line.~c!
The time evolution of the mean scattering peak position in the 0l

region.
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<0.21 nm21, uQxu<0.06 nm21) for the 0.5 s binning runs
shows a relative shift @15# from ^Q01&50.1623
60.0002 nm21 to ^Ql &50.156860.0004 nm21 as the
system relaxes, a decrease of 3.460.3%, consistent with the
conclusion that the hexagonal lattice has indeed underg
rapid two-dimensional melting upon the cessation of sh
@16#.

The time evolution of the relaxation was tracked by su
ming the scattering over the region of crystalline diffracti
peaks for each time bin. Figure 2~b! shows the integrated
cross section,s01, of the strong 01 diffraction spot regio
for the 0.5 s and 0.1 s binning runs~full symbols/left hand
scale!, normalized against the signal of the specularly
flected beamsR , which was constant within experiment
error. A decay time of 0.760.2 s for this peak was obtaine
by fitting the combined data~allowing for binning integra-
tion!. After the initial rapid decay the scattering in this regio
falls only slowly to the fully relaxed state background lev
for (t;30 min! shown as a horizontal line. The other obse
able first order diffraction spots~10 and 1̄1) decay at the
same rate as the 01. As we would expect the meanQ position
of the 01l scattering shifts with the same characteristic tim
as the intensity decays@Fig. 2~c!#. However, the decay of the
higher order diffraction peaks is rather faster than for the fi
order. From consideration of the Debye-Waller Bragg sc
tering intensity reduction factor exp$2Q2^@Dr(t)# 2 &/2%,
where^@Dr (t)#2& is the mean square displacement from t
exact lattice position at timet, we expect that the decay ra
should go roughly asQ2 of the Bragg peak@17#. The decay
time for the second order 02 peak cross section,s02, is
indeed about a factor of 4 smaller at;0.120.2 s @full
symbols/right hand scale in Fig. 2~b!#. Unfortunately, reso-
lution of a decay time of this order at the required duty cy
.,
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(,2%) would beprohibitively time consuming and wou
require improved control of the stopping time of our she
cell pump (;0.05 s!.

In conclusion, the relaxation of the near-surface orien
crystalline phase measured here is about three orders of m
nitude faster than the full relaxation of the micelles to
entangled state seen in the bulk shear measurements.
high-intensity NS-SANS technique, coupled with time sli
ing, shows that this hexagonal phase melts to a much lon
lived 2D liquid alignment consistent with those bulk me
surements and clearly demonstrates the near-surface
seuille shear-induced nature of the hexagonal state. Altho
hydrodynamic alignment of the micelles persists, it is n
sufficient to maintain even local crystalline ordering. Final
we note that the rheological response implications for t
and similar systems of technological importance may
quite dramatic. One might expect that the crystalline ph
change at the surface effectively creates a very low visco
~minimum interference! mesoscopic ‘‘slip’’ layer capable o
easily supporting very high shear gradients and conform
relatively rapidly to flow changes, therefore, effectively l
bricating the movement past the surface of domains of
organized micellar alignments at greater distances from
interface.
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