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Monodisperse colloidal plates under shear

A. B. D. Brown*
Semiconductor Physics, Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

A. R. Rennié
Department of Chemistry, Kings College London, Strand, London WC2R 2LS, United Kingdom
(Received 16 August 1999; revised manuscript received 6 Decembe) 1999

The structure of a dispersion of monodispersed, plate-shaped colloidal particles has been investigated under
shear. The dispersion displays a columnar phase when at rest, and if subjected to shear at (vl dtes’),
this structure aligns with the axis of the columns in the flow direction. At low shear rates, the plates within
these columns are tilted, with their normals in the compressional quadrant, at 20° to the flow direction in the
flow-gradient plane. At high shear rates100 s%), the dispersion forms a different structure that consists of
layers of particles with their plate normals in the gradient direction. The transition between these two shear-
induced “phases” is described. Evidence is presented that suggests that at intermediate shear rates there is
coexistence between the two phases, implying that there is a shear-induced “phase separation.” As the shear
rate is further increased evidence for shear-induced disorder is found. All the shear-induced structures that have
been observed relax back to the equilibrium columnar phase over a period of a few hours. At rest after shear
at low rates(0.1-1 1), the amount of orientational order present in the aligned columnar phase increases,
while there is no measurable positional rearrangement. After shear at high6ate900 §1), the layer phase
relaxes into a columnar phase. The structure changes via an intermediate state consisting of planes of particles
normal to the vorticity direction. The positional rearrangement occurs at the expense of the orientational order,
which increases again after the positional rearrangement is complete. The final orientation of the columnar
phase is such that the direction of alignment of the plates does not change upon relaxation.

PACS numbsg(s): 82.70.Dd, 83.10.Pp, 83.20.Hn, 83.50.Ax

[. INTRODUCTION to the spatial arrangement of the particles within the disper-
sion and the way in which these particles interact.

The applications of colloidal dispersions frequently re- This paper reports an experimental study of the changes
quire specific rheological properties. Properties of material®bserved under shear in a dispersion of ni¢kelhydroxide
formed from colloids may also depend crucially on the strucParticles. These are highly monodisperse and have only
ture induced in processing conditions. An understanding ofhort-range interparticle interactions. Previous work has
the inter-relation of the structure of dispersions and theishown that these plates form a columnar phase at high con-
rheological properties is therefore of considerable practica$entrations[13,14. The phase behavior of dispersions of
importance. At a fundamental level, there has been muchRlates at rest has been predicted as a function of particle
recent interest in the physics associated with the structure goncentration and aspect ratio from computer simulations
model systems under flojl—7] and the comparison of this [15,16. This paper is concerned with the changes in struc-
information with computer simulatiof8—10 and rheologi-  ture of concent(ated dispersions under steady shear an(_j the
cal measurements. Colloidal dispersions have been used fnporal evolution of structure when shear stops. Investiga-
models of simple fluids with the advantage that the interaction by a combination of small-angle neutron scattering
tions between the particles can be controlléfl This anal- (SANS) and neutron diffraction permits detailed structural
ogy must be treated with care as there will often be a delicatétudies. The neutron diffraction provides a simple unambigu-
balance between Brownian forces and other interparticle in0US measure of the average orientation distribution of crys-
teractions such as the effects of hydrodynamic fofees1].  talline particles. The SANS data can then be used to deter-
Some features of colloid rheo|ogy are well estab”sm: mine the Spatial arrangement of the partiCIeS. The principles
there is usually a range of shear rates where the viscosity &f these techniques have been described previously
a colloidal dispersion falls with increasing shear rate. Atl4.17,18. These methods present a further advantage in the
higher shear rates, some materials display regimes where ti§&udy of rheology in that they do not, themselves, further
viscosity is constant and then increases catastrophically witRerturb the sample. Thus they are ideal for studying relax-
shear rate. The origins of the macroscopic stress are tHafion processes in model fluids of particles with “hard” in-
forces between the particles. These forces, in turn, are relatdgractions.

) Il. BACKGROUND
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stabilized particles and to cause domains to gfdyZ]. The 10°
structures are observed to promote slip along particular
planes and, at high shear rates, to disorder or fi&:g].
Dispersions of spherical particles that are not crystalline in
the absence of shear due to the nature of the particle inter-
actions(e.g., with short-range steric interactionthe con-
centration of the dispersion, or the range of particle sizes
present typically display more subtle structural changes un-
der sheaf4,5].

A number of studies of anisotropic particles under shear 10°E
have been reportdd 7—22; however, none of these studies :
has investigated dispersions that display a highly ordered 3 ©
structure at rest. For example, studies of clays under flow I
using neutron diffractiof17,18,23 and x-ray diffraction
[21] have been described. This has been due to the difficul- 10’110_3' 162 1(')1 ' 1(')0 '
ties mv_olved in preparing and stab|I|2|ng_ qhspersmns of an- Shear rate (s-1)
isotropic colloidal particles that are sufficiently uniform in
size and shape. In this paper, the effect of shear on a disper- FIG. 1. Variation of stress with shear ra®, 10 s shear and
sion of ordered platelike particles is investigated, and thehen 10 s measurement at each point after preshear at 100s
observed shear-induced structures are described. The phdsel stress after half an hour shear at each point.
behavior of platelike particles at rgst3,14,24 can be com-
pared with the results of computer simulatidi$,16, but  this paper are what the weight fraction would have been were
no direct comparison is yet possible with the few simulationghe particles suspended in®.
of the flow of concentrated anisotropic partic[@$,26. Under static conditions, such dispersions have been ob-

Traditionally, the size, shape, orientation, and interparticleserved to phase separate over a number of days into a co-
correlation in colloidal dispersions have been investigatedumnar phase and a less ordered phgisé. The particle
using small-angle scattering. For dispersions of monodisconcentration at which this phase transition occurs depends
persed spherical particles, where the form factor is spheriupon the amount of added electrolyte. It is perhaps most
cally symmetrical, small-angle scattering yields almost uninformative to describe the concentration of the samples in
ambiguous data about the spatial arrangement of particleelation to this phase separation. For this reason, the position
centers. Anisotropic particles display two types of order: po-of each sample within the phase separation regime is given
sitional correlation and orientational alignment. Small-angleas the percentage of the sample volume that would consist of
scattering contains information about both these types of othe more ordered phase were the sample left to equilibrate
ders; however, often it is not easy to interpret the scatteringor a number of days. It should be noted that phase separa-
pattern. In this paper, a diffraction techniqu&’,18 is used tion under static conditions takes between 10 and 40 days,
to complement small-angle neutron scattering and this allow8nd so when the samples are placed in the shear cell for
the orientational order to be deduced from the measurementgvestigation under shear, they are not separated into two
independently from the positional order. distinctly separate regions of different concentrations. At no
point during these experiments on the colloid under shear is
macroscopic phase separation observed visually.

10! 3

Stress (Pa)

10' 10° 10°

Ill. EXPERIMENT
A. Preparation of the colloidal dispersions B. Rheology
Dispersions of nickelll) hydroxide particles were pre- The effective viscosity was measured with cone-plate ge-

pared as described previoudl$3,14]. The particles were ometry on a controlled strain rheomet®heometrics RDS2
hexagonal plates with a thickness-e.0 nm and a diameter at a number of shear rates. Figure 1 shows the variation of
of 84nm+13%. The particles were stabilized with a low the stress with shear rate. A preshear of 10bvgas applied
molecular mass polyacryla{®7]. This provides a uniform before the first series of measurements was taken. These
surface and a short-range repulsive force that keeps the dimeasurements were taken by shearing for 10 s and then by
persion stable, and the long-range electrostatic forces amaeasuring for 10 s. The points were measured from low
screened by adding electrolyte. Uncertainty in the thicknesshear to high shear. To emulate the neutron experiments as
of the polymer layer and hence the total range of the particlenuch as possible, the sample was then sheared at a constant
interactions makes it difficult to define and calculate the vol-rate for approximately half an hour and the final stress was
ume fraction accurately. Hence the concentration of the distaken at each of four shear rates.

persions will be described in this paper as a weight fraction. The curve is in good agreement with the stresses mea-
The samples used in the shear experiments were all dispersedred after half an hour of shear at each shear rate, with the
in 90% D,O and 10% HO. This reduces the incoherent scat- exception of the point at 0.01°§ This disagreement could
tering from protons in KO and also partially matches the be due to the fact that in the first series of measurements, the
scattering density of the nickéll ) hydroxide, and so reduces strain that the sample was subjected to at this shear rate was
the amount of multiple scattering in the SANS measure-only 0.1, which was probably not sufficient to destroy what-
ments. For the sake of simplicity and to enable comparisomver structure may have been present in the sample from its
with previous paperfl3,14], the weight fractions quoted in shear history. If the data of Fig. 1 are plotted as viscosity
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the number of plates in the illuminated volume in the correct
orientation to diffract as illustrated in Fig(ld.

Two diffraction peaks were used: ti@01) peak, which is
a reflection from atomic planes in the plane of the platelike
particles, and thg100) peak, which is a reflection from
atomic planes perpendicular to the plates. The scattering vec-
tor g for the (001) peak therefore lies in the direction of the
plate normal. Th€100) peak gives complementary informa-
tion from the scattering vector that lies in the plane of the
particles. The intensity of these peaks, and the background at
the position of the peaks, was measured by fitting a Gaussian
with a background to the measured scattering pattern. The
@ background was primarily due to the hydrogen present in the
dispersing media and the particles, and so was proportional
to the volume of sample illuminated. Hence the integrated
intensity under the fitted Gaussian was scaled by the back-
ground to account for changes in the illuminated volume and
absorption, and was then taken to be proportional to the
number of particles in the correct orientation to diffract.

Incident
beam

(W)

Incident bea

D. Small-angle neutron scattering

Small-angle scattering measurements were made at the
NIST Center for Neutron Research with the NG3 30 m
SANS camerd?29]. In order to cover an adequate range of

FIG. 2. (a) Two positions of the Couette cell in plan view are momentum transfer vectay [ =4 /X sin(6/2)] with wave-
shown. In position 1, shown in black, the center of the Couette cellength\ and scattering anglé, two different configurations
is atC, and the flow direction is shown biy; . In position 2, shown  of sample to detector distance, collimation, and wavelength
in gray, the center of the Couette cell isGt and the flow direction  were used. The samples were sheared in a fused silica Cou-
is shown byf,. The direction ofg and the position of the beam ette cell[30]. It was possible to work with incident illumi-
stop(BS) remain unchanged. Thus by moving the cell as shown thehation in two directions: in the gradient direction, giving
shear field can be rotated, allowing different orientations of par-scattering patterns in the flow-vorticity plane, and in the flow
ticles with respect to the shear field to be investigatéd.Sche-  gjrection, giving patterns in the gradient-vorticity plane. The
matic diagram of the Couette cell. Only the particles in an orientay |k of the static inner cylinder prevented measurements at
tion in which the Bragg condition is met will diffract. intermediate positions. Data for the empty cell were sub-

. . . . tracted and the results normalized for relative detector effi-
against shear rate, it sh_ows that the sample is shear th'nn'r@ency using standard proceduf@d]. The absolute intensi-
at all shear rates investigated. ties of the patterns in the flow-vorticity plane were
_ _ determined by comparison with scattering from standard
C. Neutron diffraction samples at each instrument configuration. The intensities of

Neutron diffraction measurements were made on the inthe patterns in the gradient-vorticity plane were not normal-
strument D20, a diffractometer at the high flux reactor of theized in this way, because in this geometry the path length is
ILL, Grenoble, Franc¢28]. It is equipped with a large de- long and not constant across the illuminated volume. Instead,
tector covering an angular range of 160°. Shear was imposéie data in the gradient-vorticity plane were normalized by
on the samples in a purpose built Couette shear cell. The cesicaling the patterns so that the scattering in the vorticity
was constructed of aluminum but was varnished with a thirdirection matched that measured in the flow-vorticity plane.
layer of poly (methyl methacrylateto avoid contamination
of the sample with any Al" ions. This cell had a hollow IV. RESULTS AND DISCUSSION
center so that by placing a beam stop within the stator, in the
path of the beam, the scattering from just one point in the
shear flow could be observed. The orientation of the flow A sample containing 0.08 added NaCl at a patrticle
field with respect to the incident beam was altered by placingveight fraction of 0.614 was investigated. At this concentra-
the shear cell in such a way that the beam was incident otion, the sample would phase separate into 67.4% columnar
the cell at different angles as illustrated in Figa2 The phase and the rest into the less ordered phase, if left to equili-
constraints allowed that the Couette cell must remain verticabrate for a number of days. The intensity of {0®1) reflec-
and at the geometry of D20 meant only that diffraction withtion from this sample was measured at a number of shear
the momentum transfer vectgrin the flow-gradient plane rates and is shown in Fig. 3. At high shear rates, the plates
could be investigated. align with normals in the gradient directiofpeak at OF.

The diffraction technique used to measure the orientatiofdowever, at lower shear rates, the plates align with normals
distribution of particles has been described previouslyat 20° to the flow direction in the compressional quadrant
[17,18. The intensity of a diffracted peak is proportional to (peak at 70f.

(001)
Diffraction peak

(b)

A. Phase transition under steady shear
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FIG. 5. SANS patterns from a sample that would separate into

tensional quadrant ional quadrant . .
. ensnggier?:etween pl;?én Ergiif;f duadran 70.2% columnar phase and the rest into the less ordered phase if left
and the gradient direction for a number of days, at a shear rate of 0.1.4a) smallq range;

(b) large q range; beam incident radially on the Couette cgd).
FIG. 3. Normalized diffracted intensity from a sample that smallq range;(d) largeq range; beam incident tangentially on the

would separate into 67.4% columnar phase and the rest into the le§®uette cell.
ordered phase if left for a number of days. The normalized intensity
of the (001) reflection is given as a function of the angle betwgen  the (001) peak, this shows that the primary features of the
which is also the plate normal, and the gradient direction. The anglerientation distribution function are those observed in the
is zero in the gradient direction and positive in the Compl’essionagradient-ﬂow plane. Measurements were made for sufficient
guadrant. The plot shows the variation between the gradient anime so that curve fitting could give normalized intensities to
flow directions at five shear rates:, 0.6 s ; x, 3.1s; O, 9.7 typjcally a few percent accuracy. Within experimental error,
s 50,2257 and®, 67 s . Lines have been drawn through the gjmilar data was also obtained for other Bragg peaks.
points to aid the eye. A very similar sample, containing 0.0R6 added NaCl

and with a particle weight fraction of 0.625 was investigated

Figure 4 shows the intensity profile for tH&00 peak using SANS. This sample would phase separate into 70.2%

with angle. The intensity of th€L00) diffraction peak corre- columnar phase and the rest into the less ordered phase, if
sponds to the integral of the number of particles orientedeft to equilibrate for a number of days. It was subjected to a
with normals perpendicular tq. As the shape of the inten- number of shear rates, and the scattering profiles from two of
sity profile from the(100) peak is very similar to that from these shear rates at two instrument configurations and both

incident beam directions are shown in Figs. 5 and 6. From

06 vertical and horizontat=15° sectors of the patterns, the ra-
i dial averages in Figs.(@ and 1b) were obtained for the two

shear rates. Each curve corresponds to an orthogonal direc-

tion in the sample.
Vorticity
Flow

o
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@
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0 Vorticity
-90 -60 -30 0 30 60 90 .
compressional quadrant extensional quadrant Gradient

Angle betweenq and the flow direction

FIG. 4. Normalized intensity for th€100) reflection as a func-
tion of the angle betweeq and the flow direction from a sample
that would separate into 67.4% columnar phase and the rest into the FIG. 6. SANS patterns from a sample that would separate into
less ordered phase if left for a number of days. The angle is zero i0.2% columnar phase and the rest into the less ordered phase if left
the flow direction and positive in the extensional quadrant. The plofor a number of days, at a shear rate of 1008 ¢a) smallq range;
shows the variation between the gradient and flow directions at fivéb) large g range; beam incident radially on the Couette cd).
shear rates+, 0.6 s x,3.1s% 0,9.7s% 0, 22s L and@, small g range;(d) largeq range; beam incident tangentially on the
67 s L. Couette cell.
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single phase. However, it should be noted that as a sheared
system is not in equilibrium, a phase transition in the tradi-
tional sense cannot exist. The second observation is that this
“phase transition” is not sharp, but rather occurs over a
range of shear rates. This suggests that at intermediate shear
rates two different shear-induced structures coexist, implying
a shear-induced “phase separation.”

Within a region of coexistence between two “phases,”
the sample might be expected to band into layers of different
phases that then shear at different rates. This shear banding
has been observed by Pignenal.[22], who describe planes
normal to the gradient direction as might be expected for
materials with a sharp change in viscosity. If the two phases
were to have equal particle concentrations, then over the
strain rates of the phase separation regime, the stress would
remain constant. However, it is unlikely that the two phases
would coexist at the same particle density. Since the total
particle density in the system is constant, as the fraction of
each phase present varies, the concentration of each phase
would also change. The viscosity would then not remain
constant across the region of phase separation. The rheology
measurements on the nickdll) hydroxide dispersion shown
in Fig. 1 indicate a transition at a shear rate of 2.sThe
stress increases after this point, indicating that the higher
shear rate phase is at a slightly lower concentration. As the
shear rate is increased in the phase separation regime, the
concentration of both phases must increase slightly.

The small-angle scattering also reflects this phase transi-
tion. Figure Tb) shows that at 1000 ¢ the flow and vortic-
ity directions both show a 100 peak, but almost no evidence
of a 001 peak. In sharp contrast to this, the gradient direction
shows almost no 100 peak but a very strong 001 peak. This
suggests that spacings associated with the diameter of the
particles are in the flow and vorticity directions, while spac-
ings associated with the thickness of the particles are found
in the gradient direction. Figurgd shows that at 0.1°¢ the

FIG. 7. Radial sector6+15° of SANS patterns in th@ flow,
O vorticity, and + gradient directions from a sample that would
separate into 70.2% columnar phase and the rest into the less
dered phase if left for a number of daya) 0.1 s'%; (b) 1000 s*.

scattering is quite different: the 100 peak is very small in the
Ofpw direction while the 001 peak is stronger. In the gradient
and vorticity directions, the 100 peak is stronger and the 001
peak is weaker. This suggests that spacings associated with
the diameter of the particles are in the vorticity and gradient

giff i f wum t f The first ¥iirections, while spacings associated with the thickness of
ffierent ranges of momentum transfer vectqr,The first, particles are found in the flow direction. The contrast

l"’.‘beled 100, is at a value gfthat corresponds to a distance between the different directions is not as sharp as it was in
similar to a plate diameter. The second, labeled 001, corr §]
i

The scattering patterns display distinct peaks at two ver

: e . She case of the 1000 $ flow. The 001 peak arises from a
sponds to a distance similar to the thickness of a plate an rection normal to the plates, and so should only appear in

the polymer layer on its surface. To avoid confusion, theone direction in reciprocal space. The 001 peak is very

small-angle peaks corresponding to interparticle structure ar&rong in the flow direction; however, there is also a signifi-

indexed without brackets, €., 100’.001’ gtc., while Fhe_m_nde- ant component of this peak in the gradient direction. These
angle peaks used to determine orientation of the individua) hanges were reversible; measurements on increasing and

crystalline particles(described abovyeare indexed with . . : s o
brackets(100), (001), etc. decreasing shear rate were identical within statistical errors.

The data for particle orientatioffrigs. 3 and 4#show that
at high shear rates, plate normals align in the gradient direc-
tion, and at low shear rates they align at 20° to the flow Columnar and layer structures are two possible simple
direction. Two observations can be made about this transiiquid crystalline structures that could be supported by
tion. The first is that as the sample moves from one directionlensely packed discs. The diffraction measurements indicate
of alignment to the other, the direction of orientation doesthat at low shear rates the plates are oriented with their nor-
not vary continuously but decreases in one direction while imals in the compressional quadrant, at 20° to the flow direc-
increases in the other. This behavior is analogous to that of ion. The spatial arrangement of the particles in the structure
phase transition rather than a continuous modification of at low shear rates can be deduced from the SANS measure-

B. Structure of the “phases” at low and high shear rates
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In the high shear state, the plate normals are in the gradi-
ent direction. As described above for the low shear phase,
Gradient either columns or layers of particles must lie normal to the
gradient direction to prevent the shear field from destroying
Flow the structure. The small-angle scattering shows a strong 001
peak in the gradient directigiFigs 6d) and 1b)], suggest-
ing that the particles are in layers normal to the gradient
Vorticity direction. A schematic diagram of this structure is shown in
Fig. 8b). Under shear these layers would slide over each
other. This structure is also what one might intuitively ex-
pect, as it has been observed under a number of conditions

20 degrees

RRBAR

Gradient that shear encourages plate-shaped particles to lie with their
normals in the gradient direction. A layered structure such as
this is the simplest structure that would allow the plates to lie
in this orientation under shear and maintain the high level of

Vorticity positional order demanded by the high concentration of the

plates.

These structures are also supported by the peak intensities
in the small-angle scattering pattern. Following the argu-
ments on positional disorder presented by Guihg|, the
lack of correlation between columns in a columnar phase

ments shown in Figs. 5 andd. A layered structure wou!d would be represented in reciprocal space by the 001 peak
be destroyed by the shegr unless the fIc_)w cyrectlon wasin thl?eing smeared out into a plane, normal to the columns. This
plane of the layers. The interlayer spacing in such a structursIane should appear as a vertical line with a reduced inten-
would result in a strong 100 peak in the gradient direction

X . . sity on Fig. §b). This reduction in intensity can be observed,
[Fig. S(c)], which Is clearly not present. An alternative struc—_ as the 001 peak in the flow direction for the low shear phase

S . ! ) fFig. 7(a)] is weaker than the 001 peak in the gradient direc-
along the flow direction while the particles are tilted by 20°... ~". - ; -
In this orientation, the columnar phase would not be de:[Ion in the high shear pha€ig. 7(b)]. If the 001 reflection

stroyed by the shear because the columns of particles cou@ the flow direction in Fig. &) is compared to that in the
i

FIG. 8. Schematic diagram of the proposed structur@)aow
shear rates antb) high shear rates.

slide along each other. A schematic diagram of this structur adient direction in Fig. @), it can be seen that the peak in

. J =2 . : . g. 5(b) is smeared out in the vorticity direction. However,
is shown in Fig. &). This structure is also what one might due to the anisotropy of the particles, the form factor causes

expect intuitively, as under static conditions the particles[h - - X S .
e peak intensity to decay very quickly along this direction,
form a columnar phasel4], and so the shear at low rate has o itpdoes not apypear as guni%/)gm Iing 9

simply aligned the static structure. Since the particles are Similarly, the loss of correlation between layers in a layer

;Jh”b?b'e ttot_tumrt])le 'S the flow,dth((jeybhat\r/]e S|m|c:Iy t'g.p(r‘d _unttrl]I hase would be represented in reciprocal space by the 100
Coi';ﬂ:g ation has been impeded by the next particie in eak being smeared out into a line normal to the layers. This
: . . L line should have a lower intensity than the diffraction point
The weak 001 peak observed in the gradient direction an om a structure with no such loss of correlation. This reduc-

Yon in intensity can be observed, as the 100 peak in the flow

direction and the small 100 peak in the flow direction Fig:and vorticity directions from the high shear phég. 7(b)]

@] suggest that Some pf%”ic'es are oriented with normals "5 weaker than the 100 peak in the gradient and vorticity
the gradient direction. This could be due to columns 0CCairactions in the low shear phaBeig. 7(a]. The line would

smn;’::jll;g tumlt?ll(lnlg] tm thed flow-grf?_dl_eni pIaneI, t.thoubgr; this be expected to appear as a horizontal line on Hg).. @he
would be uniik€ly to produce sulticient correiation be Weenpattern suggests such a line; however, the noise in the data

‘?O'Umf?s to give a 100 peak in the flow direction. Alterna- nd the effect of the form factor makes it difficult to be
tl\/_ely, I COl.Jld be due to partlclgs near the surface of the cel ertain of such an observation. The slight anisotropy in the
allgr;ljng Wgh the sur;ace. dTh'S k'ﬂd.dOfI boun(?aryf eﬁECt 100 ring in Fig. ®a) suggests that there might be some re-
\évou bnot ebunprege ented, asﬂco 0|fa crystals o sg €€Sdual correlation between layers in the vorticity direction,
nave been observe to ongnt aF at s.ure[@. X-ray.stu. "~ but the intensity variation is small, so any corresponding
ies of the flow of clay particles in a pipe have also indicated . :
. : . correlation would be slight.
that orientation parallel to a wall can be dominant over flow
alignment[33].

Other structures are conceivable where the structure is
continually broken and reformed by the flow, such as one in So far, only two shear rates have been discussed. Figure 9
which the columns lie in the compressional quadrant. Suclshows the peak intensities in the flow and vorticity directions
dynamic structures might be able to form; however, it isfor both the 100 and the 001 peaks over a range of shear
unlikely that they would produce structures ordered enoughates. Between shear rates of 0.1 and 1, she order ob-
to produce the SANS peaks observed. The only structure thaerved at low shear increases such that diffraction peaks are
would satisfy all the criteria is the tilted columnar structure strongest around 1°$. This suggests that in this region the
illustrated in Fig. &a). imposed shear tends to increase the positional order. The

C. Other shear rates and concentrations
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FIG. 9. Variation of the SANS peak intensities with shear rate
for a sample that would separate into 70.2% columnar phase and the 1000
rest into the less ordered phase if left for a number of d@ysL00
peak in the flow direction®, 100 peak in the vorticity directiorlll,
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sample then undergoes the transition between 1 and 30 s
In the range of shear rates between 100 and 1000tke )
intensity of all the peaks decreases, suggesting that the posi
tional order in the layer structure is destroyed.

The variation of peak intensities with shear rate for two : s
more dilute samples is shown in Figs.(&0and 1@b). The
points are averages of two measurements, one taken as th I
shear rate was increased and the other taken as the shear ra u 0
was decreased. These plots show the same features as th 1 T oo oo i e
more concentrated sample, although the magnitudes of the, ’ Shear rate (s)
changes are reduced. This suggests that the degree of order is
reduced, or that two regions exist—an ordered region and a F|G. 10. Variation of the SANS peak intensities with shear rate
disordered region—and that at lower concentrations, lesfor a sample that would separate inf@ 53.1% of the columnar
sample is in the ordered state. phase andb) 40.5% of the columnar phas®, 100 peak in the flow

These observations are also supported by diffraction meatirection; O, 100 peak in the vorticity directiorl, 001 peak in the
surements made on more dilute samples. Two samples #bw direction;J, 001 peak in the vorticity direction.
weight fractions of 0.606 and 0.579 gave alignment as shown

In Fig. 011' These. samples would phase separate into 4% Dispersions of more polydispersed plate-shaped particles
and 20%, re_specuvely, of the columnar phase, while 'Fhe ®Slave shown some similar features to those described here.
would remain in the Iess_, ordered phase, if left to eqwllbrateajnder shear, kaolinite plates typically move from a disor-
for a _number of days. Figure 11 S_hOWS that samp!es tOWarfared state at rest to align with normals in the gradient di-
the dilute end of the phase coexistence region display €53 (jon ot high shear rates; however, the low polydispersity

alignment under shear. Hov_vever, the directions of orderin nd controlled particle interactions produce positional order
and the shear rates at which they are observed appear ? both low and high shear rates

remain essentially unaltered.

The observed shear-induced phase transition illustrates a
competition between the effect of flow on a single particle
and the entropic gain of the free volume associated with the The sample with weight fraction of 0.614 and with OM2
columnar phase over that of a layered structure. High sheardded NaCl was investigated using neutron diffraction. This
favors the alignment of a single particle with its normal in sample would phase separate into 67% columnar phase and
the gradient direction. The free volume associated with thehe rest into the less ordered phase, if left to equilibrate for a
particles being in the columnar phase favors shear in slidingumber of days. This sample was sheared for a number of
columns of particles. At low shear rates the increased enhours at different shear rates. After each period of shear, the
tropy of the columnar phase dominates, giving an aligneghear was then stopped and the sample was allowed to relax
columnar phase, while at high shear rates the effect of théor a further period of a few hours. During the periods of
flow on the individual particles is strong enough to make theshear and relaxation, the normalized intensities from the
layer phase more favorable than the columnar phase. (001) and (100 wide-angle scattering peaks were measured.

intensity

Peak
IS
O
Om

D. Static structure after shear
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FIG. 11. Normalized intensity for th@01) reflection as a func- ]
tion of the angle betweeq and the gradient direction. The angle is 08 |
zero in the gradient direction. The plot shows the variation in the 2 |
density of normals between the gradient and flow directions for &
three samples that would separate into 67960.6 s %, @, 67 s 1), ‘“é 0.6
54% (0, 0.6 s*; M, 67 s and 20%(A, 0.6 s*; A, 67 s} 3
columnar phase, and the rest the less ordered phase if left for a &
number of days. g
=
. . . . =}
The (001 peak has a scattering vector coincident with the 'z

normals to the plates and so simply defines their orientation.
Complementary data for a scattering veajan the plane of
the plates comes from th@00 peak. These are shown for

two different shear rates in Figs. (8 and 12b). After shear 90 norsSal quadi: 0 30, ensionSyuadrant

at either high orllow shear rates, the dir_ect?qn of the align- () Angle between q and the flow direction

ment of the particles does not change significantly on stop-

ping the shear, but the extent of alignment is increased. FIG. 12. Normalized diffracted intensity of tHe) (001 reflec-

SANS measurements were made from the similar sampldion and the(b) (001) reflection as a function of angle in the
at a weight fraction of 0.625 with 0.085 added NaCl. This gradient-flow plane, from a sample that would separate into 67%
Sample would phase Separate into 70% columnar phase aﬁglumnar phase, the remainder forming the less ordered phase if left
the rest into the less ordered phase, if left to equilibrate for 40" @ number of days®, during shear of 0.6's; O, after shear of
number of days. Figure 13 shows the scattering patterns if:6 s W, during shear of 67 s andL, after shear of 67 s.
the vorticity-gradient plane after shear rates of 0.1 and-nes have been drawn through the points to aid the eye.
1000 s%, compared to those observed under flow. The scat-
tering pattern after shear 0.1%sappears very similar to that positional order when the sample is stopped after low rates
observed under flow. The pattern measured at rest aftejf shear. Hence the structure after the sample is subjected to
1000 s$%, however, shows a very marked change. The ringow shear rates is columnar.
from the 100 diffraction peak, corresponding to a distance The average of the intensity of the 100 peak around the
that is approximately the diameter of the particles, divideshexagonally ordered ring seen in the sample after shear at
into six peaks when the shear is stopped. 1000 s* [Fig. 13b)] is plotted in Fig. 14. This average has

The degree of orientational order is much greater at res{ ey similar shape and intensity to that from the sample

aﬁ_er shear at any sp_eed than d“”F‘g the shear, and the Or'e@ﬂring and after shear at low rates. This similarity indicates
tation does not significantly alter direction. In order to deter-

. e that the structure after high shear is also columnar. The hex-
mine the structure of the crystal after the shear field is re- L .

. agonal pattern of peaks indicates that after high rates of shear
moved, the small-angle scattering from the samples und

shear and at rest must be compared. Figure 14 compares t Y sample consisis of a number of oriented domains of a

variation of scattered intensity with in a direction approxi- single domain. The curve in Fig. 14 from the sample under

mately in the plane of the particles, for the sample duringShear at 1000 s .is in ;tark contrast to the other three
and after high and low shear rates. The 100 peak in th&§U"Ves: The lower intensity of the 100 peak is due to the lack

vorticity direction from the sample undergoing shear atof correlation between particles in different layers within the
0.1 s Tis very similar in intensity and width to the peak in !ayered structure formed under conditions of high shear as
the vorticity direction from the static sample after shear atdescribed above. This means that the sample moves from a
0.1 s'¥. This indicates that there is no substantial change ifdyered structure into a columnar phase after high shear.
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FIG. 13. SANS patterns from a sample that would separate into
70% columnar phase and the remainder into less ordered phase if
left for a number of days(a) during a shear of 0.1°8, (b) during a .%‘6'5
shear of 1000 8., (c) static after a shear rate of 0.1% (d) static g
after a shear rate of 1000% The visible peaks are the hkO peaks. & I
The 001 peaks relate to a smaller distance in real space and so ar€g ¢
at larger angles than those investigated with this instrument con- %
figuration. £
2
E. Dynamics of relaxation 3.5
Both the NG3-SANS instrument and the diffractometer [
D20 were equipped with data acquisition systems suitable - L .
for repeated accumulation of data from cyclic processes. o 5000 10000 15000 20000

This permits data with adequate statistical accuracy to be
collected on fast processes that are repetitive. In this way,

Time after shear stopped (sec)

microscopic dynamic processes in the millisecond time range FIG. 15. Variation of diffracted intensity for th@01) reflection
can be studiefi35]. The time evolution of the particle orien- from a sample that would separate into 67% columnar phase and
tations in the sample at a weight fraction of 0.614 was alsdhe remainder into the less ordered phase if left for a number of

1000

100

Scattered intensity

10 s L

[

[m]
[n]
[u]
m]
m]
[Fesl

0.01
q (nm™)

0.1

days, as a function of time. The intensity is proportional to the
number of plates with normals in a direction in the flow-gradient
plane at 1.2° to the gradient directi¢a after a shear rate of 0.6 5
was removed and) after a shear rate of 67 $was removed.

investigated. This was done by following the variation in the
number of particles oriented at 1.2° to the gradient direction
using the(001) wide-angle diffraction peak. Figure (&
shows how, after a low rate of she@.6 s1), the intensity
in this direction decays as the particles increase their align-
ment with normals at 20° to the flow direction. Figured)s
shows how, after a high rate of she&7 s1), the orienta-
tional order does not simply increase as would be expected,
but decreases to a minimum after the first 10 min before
subsequently increasing.

The time evolution of the SANS pattern from the sample
at a weight fraction of 0.625 after shear at 1006 was also
investigated. Dynamic data acquisition with cycles of 5 s

FIG. 14. Radial plots from 15° sectors of the SANS patternsConstant shear &nS s rest and also cycles of 60 s constant

shown in Fig. 13, showing the 100 pedll, scattering in the vor-
ticity direction at 1000 s'; @, scattering in the vorticity direction

shear and 45 s rest allowed the structural order after flow at
1000 s to be investigated as shown in the sequence of

at 0.1 s'%; [, average of the scattering in the vorticity-flow plane SANS images in Fig. 16.

after shear at 1000°$; O, scattering in the vorticity direction after

shear at 0.1

After the slow sheaf0.1 or 0.6 §1), the degree of orien-
tational order simply increases as the particles settle into



860 A. B. D. BROWN AND A. R. RENNIE PRE 62

L L 0.2 nmi'
ffmﬁ% i {‘M.;r I~ FIG. 16. Time evolution of
- _-§;"_ B e e T ¥ ol 8 small-angle scattering patterns in
& :ﬁ_% Y WP i - e 01 the flow-vorticity plane after a
TR e T o T shear of 1000 §' is stopped. The
%J? wﬁ ﬁw - o sample is at a concentration that
shear at 1000 s™! 0-1 seconds 1-2 seconds 2-3 seconds would separate into 70% COlu_m_
nar phase and the remainder into
the less ordered phase if left for a
o R i - - number of days. The visible peaks
1 ¥ i 4 5 Y are the hk0 peaks. The 001 peaks
relate to a smaller distance in real
o o - n space and so are at larger angles
- - - - than those investigated with this
0-10 seconds 10-20 seconds 20-30 seconds 30-40 seconds mstru_ment Conﬂguratlon; The first
‘ plot is shear at 1000 S. The
other plots are labeled with the
g L i, - time over which the measurement
" : was taken. The gray scale has
;:_3 ‘ ’ ‘- ‘ , : b f L} ‘ been adjusted on each figure to ac-
k i LY & £ Y w % £ . commodate the growing hexago-
o g i e Linear nal peaks.
grey
0-60 seconds 80-140 seconds 160-220 seconds 240-300 seconds scale

equilibrium positions. The decay in the density of particles The diffraction measurements show that throughout this
oriented perpendicular to the preferred direction is roughlyperiod the orientational order decreases up until around 800 s
exponential, with a decay time of around 680 s. This timeafter the shear is stopped. The decrease in orientational order
gives an insight into the mechanism of relaxation. If a par-and the rearrangement of the structure occur on similar time
ticle rotated independently of its neighbors, then rotationakcales, suggesting that the positional structure alters at the
diffusion would be at the same rate as for an isolated particlexpense of some orientational order. Once the final posi-
dispersed in water. In this case the rotational diffusion coeftional structure has been achieved, the orientational order
ficient would be 640 ', which would give a characteristic then increases. This increase in orientational order is roughly
decay time of a few milliseconds. However, if cooperativeexponential with a decay time of 2400 s. It is not obvious
motion is required for the particle to rotate, then the viscositywhy this relaxation time for the alignment of the particles
of the dispersion gives a better estimate of the expected rshould be longer after shear at high rates than it was after
tational diffusion coefficient than using the viscosity of wa- lower shear rates. The difference in the shear history may
ter. The viscosity of the concentrated dispersion is aroundvell give rise to a residual difference in the positional order
10° times larger than that of water, which would give a de-present; for example, the uniformity of the particle separa-
cay time of a few hundred seconds. This estimate is in keegion may be different. These subtle differences may then give
ing with the observed decay time, suggesting that the reoririse to a different mechanism for reorientation, such as one
entation within the sample could be modeled by a particleghat involves a higher degree of cooperative motion. The
diffusing in a medium with the same viscosity as the samplemodel of using the bulk viscosity to calculate a relaxation
This suggests that this reorientation involves some coopera-
tive motion of particles rather than purely local motion

within a preferred site in an ordered structure.
After shear at high rates, the relaxation process is less
simple. As soon as shear is stopped, the 100 peak in the

vorticity direction starts to grow considerably while there is Layered structure
only small growth in the other 100 peaks. This indicates that

the positional order between particles in the vorticity direc-

tion is achieved before positional order in the flow direction.

This suggests that the sample, after approximately 40 s, has o
an intermediate structure as shown in Fig. 17. This interme- Vorticity
diate structure allows the sample to move from a layer phase
to a columnar phase without having to pass through the crys-
talline phase that is not favored by entropy with order in all
three directions. The other peaks then grow to give the final FIG. 17. Schematic drawing of the progression of the positional
SANS pattern after about 200 s, which is characteristic of th&tructure, from the layered structure present at high shear, via a
hexagonal arrangement of columns observed at long times agucture with layers of particles normal to the vorticity direction, to
discussed earlier. the final columnar structure.

Gradient

Flow

Columnar structure
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At low shear rates the columnar phase that exists at rest is
aligned with columns in the flow direction. The shear also

|} Vorticity ; . . .
= orients the particles with their normals at 20° to the flow
Flow direction in the compressional quadrant. There is evidence

that at the boundaries, the particles may be aligned in an
orthogonal orientation by the surface of the shear cell. As the
imposed shear rate is increased, the sample undergoes a tran-

d e) f sition to a layer “phase,” in which the layers and the par-
el o Vorticity ticles are oriented with normals in the shear gradient direc-
m f s tion. The region of transition between these two phases is
; Gradient observed to be between 1 and 30 sAt higher shear rates,

- the amount of order is reduced, suggesting shear-induced
melting. The clear transition between two distinct ordered
FIG. 18. SANS observed at threp ranges, after oscillatory ~Structures is unusual and has not been observed previously.
shear was removed. The intensity shading shows steps on a linekhe monodispersity of the particles in the dispersion may
scale, and the range has been adjusted on each pattern to bring @etcentuate the ability to form highly ordered phases.
the features present. When shear is removed from a concentrated dispersion of
he platelike particles, the particles change into or remain in
columnar structure. This structure is oriented so that the
particles do not change their direction of alignment when the
shear field is removed. The degree of orientational order ob-
served is greater after shear than it is during shear. After
A more dilute sample with a weight fraction of 0.62, shear at low rate0.1 or 0.6 1), there was no measurable
which separated into 53% of the columnar phase and the reshange in the positional order, and the orientational order
into the less ordered phase if left for a number of days, waincreased with a characteristic time of 680 s. This time is the
also investigated. Under shear, it displayed similar charactesame order of magnitude as the inverse rotational diffusion
istics to the more concentrated sample as described in théefficient for a single particle in a medium of the viscosity
previous paper. However, after high shear was removed if the dispersion. At rest after shear at higher r&1€$0 or
did not show hexagonal order in the 100 SANS peak. Thi7 s71) the structure changes from a layered structure to a
does not mean that the columns are not hexagonally packegg|ymnar structure. This positional change occurs via an in-
but that the orientation of this packing is not constant acrosgsrmediate structure with particles in layers normal to the
the sample. Hence the sample that would separate into 70%yicity direction. The orientational order decreases during
columnar phase showed the hexagonal peaks after highe positional changes and then increases again with a longer
shear, whereas the sample that would separate into a 53¥5racteristic time of 2400 s.
columnar phase did not. The sample phase separates, as de-These results indicate that cooperative motion of the par-
scribed previously14], by droplets of the columnar phase {icies may be very important in determining the relaxation
forming in a matrix of the disordered phase. 70% volumeyger shear. Alignment and reorientation may involve the mo-
fraction is above the maximum packing fraction for uniform (jon, of several particles or the annealing of defects in a struc-
spheres, so it could be that at this concentration the morgre rather than the simple reorientation of particles while in
ordered phase is forced to form a space spanning structurgya |attice positions. The structural mechanism for motion
which causes the orientation of the hexagonal packing of th@epends in a complex way on shear as different strain histo-
columns to also be space spanning. At 53%, however, dropies may give rise to different structures with distinct mecha-
lets of the columnar phase can remain isolated, allowing,isms of relaxation. Diffraction and scattering techniques
each droplet to have a different orientation of the hexagona}!)rovide a unique probe for these phenomena as, unlike rheo-

packing. _ _ _logical measurements, they do not further perturb the struc-
This sample was then investigated by SANS under oscily, ¢ during the investigation.

latory shear at a frequency of around 5 Hz and with a strain

amplitude of about 1. Under shear, the sample displayed a
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F. Structure after oscillatory shear

V. CONCLUSIONS
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