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ABSTRACT

We report in situ X-ray scattering measurements of shear-induced orientation in polymer—clay disper-
sions. Two different organically modified clays, montmorillonite and fluorohectorite, are dispersed in
a low molecular weight, viscous polymer melt, facilitating studies at room temperature. Orientation
measurements are performed in the flow-gradient plane, allowing characterization of both the average
degree and direction of particle orientation during shear. In all cases, the orientation angle is finite,
indicating systematic misalignment of the particle long axes relative to the flow direction. In concen-
trated fluorohectorite and montmorillonite dispersions, anisotropy and orientation angle are roughly
independent of shear rate, and negligible relaxation is observed upon flow cessation. Conversely, a lower
concentration montmorillonite sample exhibits orientation that is more responsive to shear flow, and
partially relaxes upon flow cessation. In this sample, the orientation behavior is interpreted in light of
rotational diffusion of the clay particles. This same sample exhibits oscillatory structural dynamics upon
shear flow reversal, attributed to tumbling rotations of the disk-like clay particles in shear. Large-
amplitude oscillatory shear is similarly demonstrated to be capable of inducing significant particle
orientation; the degree of orientation is principally determined by the applied strain amplitude.
Complementary measurements of rheological properties exhibit many characteristics commonly
reported in polymer—clay nanocomposites. Based on the structural measurements reported here, the
rheological phenomena are interpreted to arise from a combination of flow-induced particle orientation

and rate- and time-dependent destruction or reformation of particle networks.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer nanocomposites have attracted considerable attention
as advanced engineering materials. Addition of relatively small
quantities of nanoscale fillers (often layered clays) has been
demonstrated to favorably impact mechanical and barrier proper-
ties, thermal stability and flame retardance [1—4]. The possibility
of novel physical phenomena due to nanoscale confinement
and extraordinarily large interfacial area in well-dispersed nano-
composites has provided additional motivation for study [5]. End
use properties of polymer—clay nanocomposites will depend on
the microscopic structure developed during in nanocomposite
synthesis or compounding, as well as in final product fabrication. In
particular, both mechanical [6] and barrier [7] properties are pre-
dicted to depend on the orientation distribution of the dispersed
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anisotropic mineral phase. Understanding the structural dynamics
of nanocomposites under flow is thus of extreme interest. While
this paper focuses on polymer—clay systems, similar issues arise in
other classes of polymer nanocomposites, for instance those
incorporating graphene nanoparticles [8].

There is overwhelming evidence that processing flows promote
orientation of dispersed clay particles in polymer nanocomposites
[9—16]. These studies have all involved ex situ characterization
of process-induced orientation, typically using X-ray scattering
[9—11,13,14,16] and/or transmission electron microscopy (TEM)
[9,12,13,15]. In one study, Galgali et al. demonstrated how pro-
cessing-induced orientation impacts mechanical properties [16].
Such ex situ studies have generally found that the long axes of disk-
like clay particles orient along the flow direction during processing,
leading to a roughly ‘parallel’ orientation state in shear-dominated
flows like injection molding.

The rheology of polymer—clay nanocomposites has been exten-
sively studied, and numerous common themes have emerged [17].
Early rheological characterization of a variety of nanocomposite
systems demonstrated enhanced low-frequency viscoelasticity,
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in particular the emergence of a solid-like plateau in storage
modulus [18—24]. Ren et al. postulated that this solid character
results from a mechanically percolated network of disk-shaped
particles, and developed a geometric model demonstrating that
such networks can form at rather low concentration in well-
dispersed polymer—clay hybrids owing to the high particle aspect
ratio [20]. It is now generally accepted that enhanced low frequency
storage modulus reflects some sort of particle network structure,
and, in fact, low frequency viscoelasticity is often taken to be an
indicator of the degree of exfoliation/dispersion in polymer—clay
nanocomposites [21,22,24—27]. The solid character reflected in the
low frequency storage modulus is also manifested in yield stress
phenomena at low shear rates [28,29].

Nonlinear rheological phenomena have also been widely inves-
tigated in nanocomposites. Although strain-hardening behavior
was reported in large-amplitude oscillatory shear (LAOS) in an end-
tethered nylon—clay hybrid [30], most nanocomposites have shown
strong strain-thinning behavior in LAOS [25,31—33]. The application
of LAOS induces structural changes in the sample, such that the
linear moduli measured at small strain following LAOS are often
dramatically suppressed [19,22,25,34,35]; this has frequently been
attributed to flow-induced particle orientation, and the subsequent
recovery in moduli with time attributed to disorientation [25,35].

Unidirectional shearing is also capable of inducing microscopic
structural changes in nanocomposites. The failure of the Cox-Merz
rule [31,32] (an empiricism relating steady viscosity measured in
shear flow to complex viscosity measured in small-amplitude
oscillation) is attributed to different structural states during the
two measurements. Similarly to the effects of LAOS, steady shearing
can also induce a significant drop in the linear dynamic modulus
measured following flow cessation, which may then show recovery
as a function of time [29,36—38]. The logarithmic time-dependence
of such modulus recovery has been interpreted using concepts from
soft glassy dynamics [35—37]. Gradual structural evolution
following cessation of shear flow has also been studied using
interrupted shearing protocols, in which flow is resumed (either in
the same or reversed direction) after various periods of relaxation
[23,24,29,36—40]. Finally, thixotropic characteristics of nano-
composites have been investigated by measuring time-dependent
changes in viscosity upon changes in shear rate [29,38,40].

The rheological phenomena described above undoubtedly
reflect a close coupling between flow-induced changes in fluid
microstructure and the corresponding mechanical response. The
concepts most frequently invoked to interpret rheological data are
(i) flow-induced orientation of particles, and (ii) the breakdown of
particle network structure. Attempts have been made to model
rheological phenomena in terms of such structural features [39]. Of
course, both mechanisms may act in parallel. As discussed by
Vermant et al. [38], unraveling the impact of each of these structural
features solely based on rheological measurements is a considerable
challenge. This provides the central motivation for the present
study, in which direct measurements of particle orientation in
polymer—clay dispersions are conducted via in situ X-ray scattering.

There has been direct scattering evidence of flow-induced
orientation in both steady shear [41] and LAOS [34,35] based on
ex situ characterization of quenched solid samples (Particle orien-
tation induced by extensional flow has also been studied in
quenched samples [42]). However, there have been very few
measurements of flow-induced orientation in polymer—clay
dispersions using in situ scattering during shear. Schmidt and
coworkers used SANS to study clay dispersions in aqueous PEO
solutions [43]; Medellin-Rodriguez et al. used SAXS to study
orientation in end-tethered nylon—clay nanocomposites induced in
shear flow [44]; and Lele et al. studied orientation in poly-
propylene—clay nanocomposites in pressure-driven capillary flow

[45]. Interestingly, two of these studies report evidence of perpen-
dicular alignment of clay particles in shear (in which the clay
particle normals tend to orient along the vorticity axis of shear
flow) [43,44], in contrast to the overwhelming majority of ex situ
studies on sheared or processed nanocomposites that suggest
parallel orientation is the norm. In each of these cases, it could be
that unusually strong coupling between polymer and particle
dynamics (as manifested, for instance, in the strain-hardening
rheology observed in end-tethered nylon nanocomposites [30])
may be responsible for this unusual result. In situ studies reported
to date have been rather limited in scope, focusing on steady flows,
and providing only limited ability to make time-resolved
measurements of slow dynamic processes [44,45]. The capillary
flow measurements of Lele et al. [45] are complicated not only by
intrinsic inhomogeneity in shear rate, but also by the fact that X-ray
scattering data are averaged over varying projections of the shear
flow axes in different regions of the flow. Similar in situ studies of
particle orientation in sheared aqueous clay dispersions using
either neutron [46,47] or X-ray [48,49] scattering have, again,
concentrated on steady flow. In situ X-ray diffraction has also been
coupled with rheology to study polymer—clay intercalation
processes, but under small-amplitude oscillatory shear conditions
where flow-induced orientation should not be an issue [50].

Here we employ synchrotron-based X-ray scattering to study
shear flow-induced orientation in polymer—clay dispersions. The
samples used are idealized, in that the polymer matrix is a rela-
tively low viscosity, room-temperature melt. This both simplifies
the experimental conditions (removing, for instance, concerns of
thermal degradation of the polymer), and reduces complexities
associated with background viscoelasticity in the matrix. Given
the preponderance of evidence for parallel particle orientation
in shearing and shear-dominated flows of polymer—clay nano-
composites, we pursue orientation measurements within the flow-
gradient (1—-2) plane of shear flow. This geometry is particularly
informative in that it allows measurements of both the degree and
direction of particle orientation in the 1—2 plane. Finally, the short
exposure times enabled by synchrotron radiation allow us to study
dynamic orientation processes in real time. The measurements of
particle orientation are coordinated with rheological testing (per-
formed off-line), in order to explore the connections between
structure and rheology.

2. Experimental
2.1. Materials

We have studied dispersions of two different organically modified
clays: dioctodecyl dimethyl ammonium-modified montmorillonite
and an octodecyl trimethyl ammonium-modified fluorohectorite.
Procedures for organic modification of the clays by ion exchange with
alkyl amines are described elsewhere [35,51]. Montmorillonite
particles have a Gaussian distribution of diameters with a mean size
of 400 nm and a full-width at half max of 70 nm. Fluorohectorite
particles are larger, with a diameter ~5 um. In all cases, the
dispersing fluid is a random copolymer of dimethylsiloxane and
diphenylsiloxane, in a mole ratio of 95:5. Similar copolymer matrices
have been used in prior studies of nanocomposite rheology [18],
although the polymer used here has lower molecular weight, and
hence viscosity. The PDMS-PDPS copolymer matrix offers the
advantage that samples may be prepared and studied at room
temperature. In addition, its molecular weight is sufficiently low that
itisessentially a viscous liquid; all non-Newtonian rheology may thus
be attributed to the dispersed clay particles.

Dispersions were prepared by melt mixing by hand. Organically
modified montmorillonite dispersions were prepared at two
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loadings: 8 and 15 wt% of organically modified clay (approximately
5.6 and 10.5 wt%, or 2.3 and 4.5 vol% inorganic content, respec-
tively). In addition to X-ray scattering measurements of particle
orientation under shear, these dispersions were subjected to
extensive rheological testing. A single fluorohectorite dispersion,
prepared at 12 wt% loading of organoclay (8.4 wt%, 3.1 vol% inor-
ganic content), was subjected to somewhat more limited X-ray
scattering experiments. No complementary rheological testing was
performed on this sample. Thus, the montmorillonite dispersions
are the primary focus of this report. X-ray data presented below
confirm that these melt-mixed samples are in an intercalated state,
exhibiting a strong diffraction peak associated with the layered
tactoid structure. The d-spacings in the montmorillonite and flur-
ohectorite samples are 3.7 and 3.1 nm, respectively. Examination of
WAXD peak width and application of the Scherrer equation
suggests tactoids of roughly 7—10 layers, implying thicknesses in
the range of 25—40 nm, largely independent of concentration.
Quantitative analysis of TEM images has often been used to obtain
a detailed picture of clay tactoid morphology in solid nano-
composite samples [52—54]. Such studies generally show broad
distributions of particle thickness and aspect ratio in nano-
composites. Since the matrix in these dispersions is a viscous fluid,
such methods are inaccessible to us, although our samples are
likely similarly heterogeneous. While detailed characterization of
particle shape distributions is not possible, we may still definitively
conclude that (i) these experiments reflect orientation of layered
clay tactoids, since we analyze anisotropy in the first-order
diffraction peak arising from internal particle layering, and, (ii) that
the tactoids are anisotropic in shape (i.e. disk-like), since isotropic
particles would not be orientable in shear flow.

2.2. Mechanical rheometry

Rheological testing of the montmorillonite dispersions was
performed at ambient conditions using an ARES controlled strain
rheometer (Rheometrics Scientific), with 50 mm cone and plate
fixtures (cone angle = 0.04 rad).

2.3. X-ray scattering

X-ray scattering studies of shear-induced particle orientation
were performed using a custom annular cone and plate shear cell
that facilitates measurements of fluid structure in the 1-2 (flow-
gradient) plane of shear flow by sending the incident beam along
the 3 (vorticity) axis [55]. Bending magnet radiation (beam line
5BM-D of the Advanced Photon Source) was selected at 25 keV
using a double-crystal monochromator. The high energy reduces
absorption associated with the long X-ray path length through the
sample (~1 cm), and reduces the angle at which diffraction from
the layered clay occurs, ensuring that scattered x-rays exit the shear
cell unimpeded. Two-dimensional (2D) scattering patterns were
collected at a pixel resolution of 512 x 512 using a CCD detector
(Mar) at a sample-detector distance of 91 cm. Accounting for both
exposure and readout, the maximum rate at which images were
collected was approximately 0.25 frames/sec; longer exposures
(and correspondingly slower frame rates) were also used.

X-ray scattering patterns provide direct evidence of shear-
induced anisotropy in the 1-2 plane (Fig. 1). In both montmoril-
lonite and fluorohectorite dispersions, diffraction from the layering
of the clay sheets leads to a well-defined peak as a function of
scattering angle. For a one-dimensional layered system, diffraction
spots in reciprocal space are concentrated along the direction
normal to the layers. In a dispersion of layered clay particles with
random orientation distribution, the first-order diffraction spot
would be isotropically spread over a spherical surface in reciprocal

Fig. 1. Representative 2D X-ray scattering patterns collected in the 1—-2 plane of shear
flow, at a shear rate of 0.1 s! in (a) the 8 wt% montmorillonite dispersion, and (b) the
12 wt% fluorohectorite dispersion. Dashed curves in part (b) illustrate the range of
scattering angles used to extract azimuthal intensity scans, I(8). The diffraction peak
positions in parts (a) and (b) are, respectively, at ¢ = 1.7 and 2.0 nm~". For part (b), the
cartoon illustrates the spatial relationships between the sheared sample, the incident
X-ray beam and the 2D detector. A complete description of the annular cone and plate
shear cell used in this work may be found in Ref. [55].

space. In a 2D scattering experiment, the intersection in reciprocal
space of this spherical shell of scattered amplitude with the Ewald
sphere [56] (the locus of all experimentally realizable scattering
vectors) would produce an isotropic ring of scattered intensity in
the 2D pattern. When, as in these experiments, the scattering
angles are relatively small, reciprocal space is sampled roughly in
a plane perpendicular to the incident beam direction (here, the 12
plane of shear flow). As a result, scattering observed in Fig. 1
represent contributions from those clay particles whose normals
lie (approximately) in the 1—-2 plane. Each such particle contributes
its diffracted intensity along the direction of its normal. Thus, the
azimuthal dependence of the scattered intensity in Fig. 1 provides
a direct representation of a 1-2 plane ‘slice’ of the particle orien-
tation distribution function during shear. In these patterns, the
higher scattered intensity observed along the vertical direction
indicates—as expected—that particles generally ‘lie down’ flat in
the shear flow, with normals pointing (roughly) along the gradient
direction. However, it is clear that the direction of maximum
particle orientation is rotated away somewhat from the flow
direction, manifested in the fact that the peak in the azimuthal
distribution of scattered intensity is rotated counter-clockwise
away from the 2-axis. Comparing patterns from montmorillonite
(Fig. 1a) and fluorohectorite (Fig. 1b) dispersions, the latter exhibits
a higher concentration of scattered intensity in the azimuthal
direction, reflecting a higher degree of particle orientation (the
fluorohectorite tactoids have higher aspect ratio than the mont-
morillonite particles).

Here we analyze the azimuthal dependence of the layer
diffraction intensity in such 2D patterns to quantify the degree of
particle orientation under shear. The patterns in Fig. 1 also exhibit
an anisotropic feature at small angles (corresponding to larger
length scales); this is attributed to small-angle scattering arising
from the anisotropic shape of the disk-like clay particles. It is also
possible to extract measures of flow-induced orientation from
small-angle X-ray scattering measurements, although this is not
pursued here. For exfoliated nanocomposites, in which the
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wide-angle diffraction peak from the inter-layer spacing disap-
pears, small-angle scattering is the only route available.
Quantitative analysis of 2D scattering patterns begins with
extraction of an azimuthal scan of intensity averaged over a narrow
range of scattering angle enclosing the layer diffraction peak
(Fig. 1b). This step is performed using the analysis program Fit2D
[57]. Each point on such an azimuthal scan may be represented by
a unit vector, u (as discussed above, u also defines the orientation of
those particles that contribute to scattered intensity at a given
location on the azimuthal scan). We characterize the particle
orientation state by calculation of the second moment tensor uu,
weighted by the azimuthal intensity distribution, I(8) [58]:

 ((uauy) (uug)) _  (cos’f)  (cospsing)
) = ((U:U; (U;U;) N ((cosﬁsinﬁ) <sin26> ’ (M

where, using the 11-component as an example, average quantities
are computed according to:

27
/ cos®BI(6)dp
(cos?) = 0. @)
[ 1618

0

The normalization in equation (2) compensates for possible varia-
tions in incident beam intensity from one image to the next.

A compact measure of the degree of particle orientation (which
we call an anisotropy factor, AF) is given by the difference in the
principal values of (uu):

AF = \/(urty) — (uyg) 2 +4(uyug)?. (3)

Defined in this way, AF ranges from O for the case of a random
distribution of orientation, to 1 for the case of perfect orientation,
where all diffracted intensity is concentrated in a particular direc-
tion in the azimuthal scan. As such, AF is functionally similar to the
Hermanns orientation parameter, (P,), frequently used to charac-
terize orientation in polymers [56]. Techniques to compute (P,)
from 2D scattering data require an assumption that the underlying
orientation distribution is uniaxially symmetric. Since we sample
only a single ‘slice’ of the particle orientation distribution in these
experiments, there is no way to assess its symmetry; however,
shear flow will, in general, not promote uniaxially symmetric
orientation distributions. For this reason, we favor the second
moment tensor approach used here, which characterizes orienta-
tion without imposing any further assumptions.

The average particle orientation direction within the 1—-2 plane
may be determined from the principal axes of (uu):

1 2(ujup)
X =gtan (<U1U1> - <U2U2>)’ @

where y represents the angle measured counter-clockwise from the
flow direction to the average orientation direction of the particles’
long axes.

3. Results
3.1. Basic rheology
Small-amplitude oscillatory shear of the montmorillonite

dispersions in the linear viscoelastic regime reveals solid-like char-
acter typically observed in polymer—clay nanocomposites (Fig. 2).
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Fig. 2. Linear viscoelasticity measured in 8 wt% (triangles) and 15 wt% (circles)
montmorillonite dispersions after prolonged relaxation. Filled symbols represent
storage modulus, G/, while open symbols represent loss modulus, G”.

The more highly concentrated (15 wt%) dispersion nearly shows
a plateau in storage modulus, with G’ > G” at low frequencies. The
lower concentration (8 wt%) dispersion exhibits less solid character,
although the G’ data show signs of ‘flattening out’ at lower frequen-
cies (experiments could not be extended to lower frequencies due to
limitations in torque sensitivity). Recall that the polymer matrix used
here has no measurable viscoelasticity; thus, all elastic character
present in these samples is due to the dispersed particles. In these
samples, clear solid-like rheological signatures are only found at
rather high loadings relative to other polymer—clay systems.
However, we note that prior studies of clay dispersions in PDMS-
PDPS copolymers also showed relatively modest enhancements to
viscoelasticity except at high loadings [18].

Comparison of steady shear viscosity to complex viscosity
(recast from the linear viscoelastic data in Fig. 2) demonstrates
failure of the Cox-Merz rule in these montmorillonite dispersions
(Fig. 3). The steady viscosity of the 8 wt% sample exhibits shear
thinning at low rates, giving way to nearly Newtonian behavior at
higher rates. While a yield stress is not found, the shear thinning at
low rates is consistent with the solid-like character revealed by
linear viscoelastic testing. The more concentrated 15 wt% sample
shows a higher viscosity and much more pronounced shear thin-
ning over the investigated range of shear rates.

3.2. Orientation in steady shear flow

X-ray experiments on the clay dispersions were typically per-
formed following various transient flow protocols. Fig. 4 illustrates
the time-dependent response of anisotropy factor and orientation
angle measured in the 8 wt% montmorillonite dispersion during
a representative shear flow reversal and cessation experiment. We
generally find that flow-induced orientation does not completely
relax; thus, the initial condition upon flow inception depends on
the prior flow history. After an initial transient, AF and yx settle into
steady state values. (For the experiment in Fig. 4, the first period of
shear is taken to be in the negative direction, hence the orientation
angle is negative.) Upon reversal, x changes sign, and, following
a short transient period, settles into a new steady state equal in
magnitude but opposite in sign to that during pre-shearing.
Following reversal, the anisotropy factor shows a transient under-
shoot, followed by damped oscillations before it, too, resumes its
prior steady state value. Upon flow cessation, the anisotropy factor
relaxes partially (but far from completely) accompanied by a small
drift in y to smaller values. Each of these features is discussed in
greater detail in subsequent sections.
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Fig. 3. Steady (O) and complex (@) viscosity measured in (a) the 8 wt% montmo-
rillonite dispersion, and (b) the 15 wt% montmorillonite dispersion.

Steady state values of anisotropy factor and orientation angle
are computed from such time-dependent data by averaging AF and
x data once steady conditions have been achieved. Data from
experimental segments with negative shear rates are included by
changing the sign of the orientation angle. Steady state data reveal
significant levels of flow-induced orientation in these dispersions
(Fig. 5). In all cases, a finite, positive orientation angle in the 12
plane is observed. As anticipated from the 2D X-ray scattering
patterns in Fig. 1, the flurohectorite dispersion shows significantly
higher degrees of shear-induced orientation than the montmoril-
lonite samples. In the fluorohectorite dispersion, both AF and x vary
rather weakly with increasing shear rate, with a gradual increase in
the degree of particle orientation, and a gradual decrease in the
orientation angle (indicating particle alignment closer to the flow
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Fig. 4. Orientation response measured in a representative time-dependent shear flow
reversal and cessation experiment in the 8 wt% montmorillonite dispersion, at a shear
rate of 0.1 s, Anisotropy factor (@) and orientation angle (O) vs. elapsed time during
shear flow inception, following reversal, and upon shear flow cessation.
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Fig. 5. Steady state orientation response of clay dispersions in shear flow. (a) Anisot-
ropy factor and (b) orientation angle measured in the 8 wt% montmorillonite disper-
sion (O),15 wt% montmorillonite dispersion (0), and 12 wt% fluorohectorite
dispersion (A).

direction). Conversely, in the 8 wt% montmorillonite sample, the
degree of particle orientation changes significantly between shear
rates of 0.1 and 10 s~ ! before reaching an apparent plateau at high
rates. Note that a finite degree of particle orientation is observed
even at the lowest shear rates studied. In parallel with the
increasing anisotropy in the 8 wt% sample, the orientation angle
progressively decreases from ~20° at low rates to ~6° at high
rates. Of the three dispersions, the orientation state in this 8 wt%
sample is the most ‘responsive’ to changes in shear rate. In the more
concentrated 15 wt% sample, both the degree and direction of
orientation change significantly less as a function of shear rate.
Interestingly, at high shear rates the 8 wt% sample exhibits higher
anisotropy, with particles oriented closer to the flow direction, than
observed in the 15 wt% sample.

3.3. Shear flow reversal

The oscillatory response to flow reversal observed in the 8 wt%
dispersion in Fig. 4 is also found at other shear rates (Fig. 6).
Oscillations in AF and x scale with applied shear strain, and are
quickly damped out such that steady state conditions are re-
established after ~15 strain units. Indeed, most particle reor-
ientation from the initial steady state orientation condition in the
negative flow direction is accomplished quite quickly, within ~5
strain units (Fig. 6b). Measurements of shear stress in the 8 wt%
dispersion do not exhibit oscillatory character (Fig. 7). Upon
reversal, the shear stress very rapidly changes sign, but does not
immediately attain its steady state value. Rather, over a period of
~4—5 strain units, the stress gradually approaches steady state
from an initial value of (depending on prior shear rate) 70—85% of
its steady value.
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The other clay dispersions do not exhibit clear signatures of
oscillatory structural dynamics upon flow reversal (Fig. 8). Rather,
the anisotropy factor shows a single pronounced undershoot as the
orientation state evolves towards the steady state appropriate to the
new steady state value. Both AF and x (see Figure S.1, supplemental
information) again scale with shear strain. While the transient
response is completed quickly in the 15 wt% montmorillonite
sample, it persists longer in the 12 wt¥% fluorohectorite dispersion.

3.4. Flow cessation

The 8 wt% montmorillonite dispersion shows significant, but
partial relaxation of flow-induced orientation upon cessation of
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shear flow (Fig. 9). When the initial shear rate is low, there is
negligible relaxation of orientation, and correspondingly no change
in orientation angle. As shear rate increases (accompanied by an
increase in the steady state anisotropy during flow), the particle
orientation relaxes to an increasing degree, although we never
observe AF to drop below the value of =0.1 observed during shear
at low rates. Due to constraints on available synchrotron beam
time, the duration of most relaxation experiments was modest.
However, one relaxation experiment in the 8 wt% dispersion was
extended to 5000 s and, again, showed a persistent fraction of flow-
induced orientation that did not relax (Figure S.2). Orientation
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Fig. 9. Transient orientation response of the 8 wt% montmorillonite dispersion upon
flow cessation. (a) Anisotropy factor and (b) orientation angle vs. time following
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angle also evolves somewhat towards smaller values during
relaxation from higher rates (Fig. 9b). In the 8 wt% montmorillonite
dispersion, the observed relaxation phenomena occur on time
scales of 10—100 s of seconds.

As discussed in Section 1, structural evolution during relaxation
may be probed via mechanical rheological testing. In the 8 wt%
montmorillonite dispersion, steady shearing induces a dramatic
drop in the dynamic modulus relative to that measured in a well-
relaxed state (Fig. 10). The relative drop in G’ is much larger than
that in G”, demonstrating that shear is particularly effective at
suppressing the dispersion’s elastic character. The moduli recover
over an extended period, and, after nearly 10° s, appear to approach
limiting values. The degree to which G’ and G” are suppressed and
the kinetics of their recovery are largely independent of the
previously applied shear rate.

Interrupted shearing protocols are also frequently used to inter-
rogate structural evolution following flow cessation. In the 8 wt%
montmorillonite dispersion, a stress overshoot develops upon
resumption of shear flow as the rest period is increased from 5 to
1200 s (Fig. 11a). For short delay times, the stress response is rather
different depending on whether shear flow is resumed in the same
or the reversed direction (Fig. 11b). When flow is in the same
direction, the stress rapidly resumes its prior steady state, but, when
sheared in the opposite direction, the initial transient closely
resembles that seen in shear reversal without delay time (Fig. 7).
Conversely, for long delay times, a substantial stress overshoot is
seen, regardless of whether the pre-shearing was in the same or
opposite direction, although the stress response continues to differ
depending on whether flow was reversed following the delay period.

In X-ray scattering experiments, neither the 15 wt% montmo-
rillonite dispersion nor the 12 wt% fluorohectorite dispersion
exhibit any measurable relaxation in anisotropy factor or orienta-
tion angle upon cessation of steady shear flow (Figure S.3). Further
evidence of the lack of orientation relaxation in the 15 wt% mont-
morillonite sample is provided in the context of LAOS experiments
discussed in the following section. This sample does, however, still
exhibit structural evolution upon flow cessation, as G’ and G”
measurements show time-dependent behavior very similar to that
observed in Fig. 10 (Figure S.4, [59]).

3.5. Large-amplitude oscillatory shear
At low frequencies, the use of synchrotron radiation provides
sufficient time resolution to probe the orientation dynamics within

individual cycles of large-amplitude oscillatory shearing (Fig. 12).
As the flow direction cycles back and forth, the orientation angle
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montmorillonite dispersion following cessation of shear flow at rates of 0.1 (O), 0.5
(O)1(A)and 557! (). Measurement frequency = 10 rad/s.
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changes sign abruptly, while the anisotropy factor undergoes
periodic transient dips, twice per oscillation cycle. While fine
details of the orientation response are revealed in these time-
resolved data, such results may only be obtained at very low
frequencies. For measurements at higher frequencies, where time-
resolution is not possible, it is important to choose exposure times
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Fig. 12. Transient orientation response of the 8 wt% montmorillonite dispersion to
large-amplitude oscillatory shear flow, at frequency = 0.01 Hz and strain = 200%.
Anisotropy factor (@) and orientation angle (O) vs. time. During the first portion of
the experiment, short exposure times allow measurement of the orientation dynamics
within cycles of oscillation, while during the latter portion of the experiment, a longer
exposure time probes the orientation state time-averaged over one oscillation cycle.
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that average over a full cycle (or integral number of cycles) of
oscillation. Because the orientation state changes significantly
within each cycle, any other choice would lead to ill-defined results
that depend on the particular phase of an oscillation cycle sampled
during exposure. This principle is illustrated in Fig. 12. Part way
through this experiment, the image exposure time was change
from 3 s (permitting time-resolved data) to 100 s (which averages
orientation state over a full oscillation cycle). Due to the symmetry
of the applied LAOS, the orientation angle averages out to zero,
while the anisotropy factor measured by this procedure is reduced
to a single number characteristic of the time-averaged degree of
orientation present under these particular flow conditions. All
remaining results in this section are expressed in terms of such
time-averaged quantities.

The impact of LAOS strain magnitude on clay orientation is well
demonstrated by a sequence of LAOS shearing experiments per-
formed on the 15 wt% montmorillonite sample at a frequency of
0.1 Hz (Fig. 13). Upon inception of the first LAOS segment (100%
strain), the time-averaged anisotropy factor quickly reaches
a steady value, while the time-averaged orientation angle
approaches zero, as expected. Upon termination of this segment of
LAOS, the anisotropy factor abruptly drops. This is not relaxation
per se; rather, when the flow stops, the sample is frozen in
a particular orientation state appropriate to that point in the
oscillation cycle. For the same reason, upon flow cessation the
orientation angle jumps to a nonzero value, since at any particular
point in an oscillation cycle the orientation angle will most likely
not be zero (recall Fig. 12). Resumption of LAOS, now at a strain of
150%, quickly returns the (time-averaged) orientation angle to zero,
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Fig. 13. Orientation dynamics of the 15 wt% montmorillonite dispersion during
intermittent periods of large-amplitude oscillatory shear flow (frequency = 0.1 Hz) at
indicated strain amplitude. (a) Anisotropy factor and (b) orientation angle vs time.
X-ray scattering patterns were collected using an exposure time of 10 s, such that,
during shear, X-ray data are time-averaged over the oscillation cycle.

and leads to a larger anisotropy factor than seen at 100% strain. At
the second flow cessation, AF and x are again ‘frozen’ at values
characteristic of that particular point in the oscillation cycle, in this
case with a relative large anisotropy, and large positive orientation
angle. The next segment of LAOS employs a smaller strain of 50%.
While the time-averaged x during LAOS should be zero, the initial
condition for this segment is an orientation state that is oriented
sufficiently far away from the flow direction that it takes an
extended period of time for LAOS at this smaller strain to
progressively rotate the average orientation angle back to the flow
direction. During this process, the anisotropy factor is gradually
reduced from its initially high value, towards a much smaller value.
Thus, relative to the high orientation produced during LAOS and
100 or 150% strain, prolonged LAOS at the smaller strain of 50%
actively degrades the degree of particle orientation to a smaller
value. After another rest period, it is seen that a fourth cycle of LAOS
at 150% strain quickly returns AF to a large value, and the time-
averaged orientation angle to zero. There is excellent reproduc-
ibility in the anisotropy factor measured during the two segments
in this series conducted at 150% strain. Thus, it appears that there is
a well-defined and reproducible orientation state associated with
each LAOS flow condition (strain + frequency), although prolonged
shearing may be required to realize it in the case of smaller strains.

Within each rest segment in Fig. 13 there is no observable
relaxation in either AF or x, mirroring observations of negligible
relaxation upon cessation of steady shear flow in the 15% mont-
morillonite dispersion (Figure S.3). A further test for the presence
of (possibly subtle) structural changes during rest periods is pre-
sented in Fig. 14. Here the sample was subjected to alternating
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Fig. 14. Orientation dynamics of the 15 wt% montmorillonite dispersion during large-
amplitude oscillatory shear flow (frequency = 0.1 Hz), alternating between strains of
150% and 50%, with varying periods of resting in between. (a) Anisotropy factor vs
time. (b) Comparison of transient anisotropy factor data collected during intervals at
50% strain following three different resting periods.
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periods of LAOS at 150% and 50% strain. In between, the sample
was allowed to rest for varying duration. Unlike the case in the
experiments represented in Fig. 13, here care was taken to stop
LAOS at a fixed point during the oscillation cycle at the end of
each 150% strain segment, to ensure a reproducible initial condi-
tion for the following 50% strain segment. As in Fig. 13, no change
in AF is observed during the rest interval, while application of
LAOS at 50% strain leads to active degradation of the degree of
particle orientation. Plotting the transient reduction in AF during
the 50% strain segments on the same time axis demonstrates that
the kinetics of disorientation are remarkably reproducible, and
apparently unaffected by the duration of the rest period, further
illustrating the lack of structural relaxation in the absence of flow
in this sample.

As suggested by Fig. 13, the time-averaged anisotropy factor is
a strong function of strain amplitude in the 15 wt% montmorillonite
sample; however, it is a relatively weak function of frequency over
the range studied (Fig. 15a). Comparing the three different samples
used in this study at a fixed strain amplitude of 200% (Fig. 15b),
there are general similarities to the shear-rate dependent anisot-
ropy data of Fig. 5. The 12 wt% fluorohectorite dispersion shows the
highest degree of particle orientation, and, like the 15 wt% mont-
morillonite dispersion, shows little sensitivity to frequency.
Conversely, the less concentrated 8 wt% montmorillonite disper-
sion is more responsive to the shear flow conditions, exhibiting
a systematic increase in anisotropy factor with increasing
frequency. As in the steady state data at high rates, the 8 wt%
dispersion exhibits higher orientation than the 15 wt% dispersion at
high frequencies.
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Fig. 15. Time-averaged anisotropy factor vs. frequency in large-amplitude oscillatory
shear. (a) Effect of strain amplitude in the 15 wt% montmorillonite dispersion,
measured at strains of 50 (<), 100 (), 150 (A) and 200% (O). (b) Comparison of
measurements in the 8 wt% montmorillonite (O ),15 wt% montmorillonite (1), and
12 wt% fluorohectorite ( A ) dispersions at a strain amplitude of 200%. See supplemental
information for details on the procedure used to time-average low frequency data.

4. Discussion

Several studies have noted discrepancies between time scales
expected for relaxation of particle orientation via rotational diffu-
sion (which, for highly viscous polymer melt matrices can be
extraordinarily long) and times over which structural relaxation is
found to occur via interrupted shear protocols [23], modulus
evolution [35], or even direct measures of particle orientation [45].
In contrast, the low viscosity of the matrix used in the present work
means that rotational diffusion is expected to occur on experi-
mental time scales, at least for the smaller montmorillonite parti-
cles. Using their mean diameter of 400 nm, the rotational diffusivity
(Dy = 3kgT/4nd? for disk-like particles of diameter d in a matrix
with viscosity 7) is estimated to be 0.035 s~ . Following Mobuchon
et al. [29], in this calculation we have used the quasi-Newtonian
viscosity measured at high rates in the 8 wt% dispersion; thus, this
estimate should only be relevant to this sample, which will be the
main focus of much of the following discussion. The inverse of this
estimated D; is, indeed, close to the time scales over which partial
relaxation of flow-induced orientation is observed to occur in the
8 wt% sample (Fig. 9). Using this estimate, the shear rate range
spanned by Fig. 5 corresponds to Peclet number (Pe = ¥/D;) of
0.3—3000. It thus seems clear that rotational Brownian motion
should play a role in this dispersion’s orientation dynamics.

A useful (if extreme) reference point is the case of a dilute
suspension of disk-like particles. Jeffery [59] solved for the deter-
ministic tumbling motion of an isolated ellipsoidal particle in shear
flow in the absence of Brownian motion. In these so-called ‘Jeffery
orbits’, the particle rotation slows down as its long axis passes
through the flow direction; this is the mechanism by which shear
flow is capable of inducing net alignment of non-spherical particles.
The influence of rotary Brownian motion in dilute suspensions has
received both theoretical [60] and experimental [61] attention.
Despite the continuous rotation of individual particles, even small
amounts of Brownian motion will disrupt the deterministic char-
acter of Jeffery orbits, and lead to a steady state in the particle
orientation distribution. Such a steady state orientation distribu-
tion, y(u), may be characterized by its second moment tensor:
(uu) = [uuy(u)du (in the following u is taken to be a unit vector
describing the symmetry axis of a given ellipsoidal particle), which
may be computed from:

%{u) =’ (uu) + (uu) - + A(D- (uu) + (uu)-D — 2(uuuu) : D)
— 6Dy ((uu) — %I) (5)

In this expression D is the rate of deformation tensor, & is the
vorticity tensor, I is the unit tensor, and 1 is a geometric parameter
determined by particle shape. For ellipsoids of revolution,
A = (p? —1)/(p? + 1), where p is the particle aspect ratio (p > 1 for
prolate ellipsoids; p < 1 for oblate ellipsoids, the case of interest
here).

The 8 wt% dispersion of particular interest in the present
discussion is obviously not dilute. In concentrated dispersions,
particles will influence each other’s motions via hydrodynamic
interactions and collisions. An approximate treatment of such
interparticle interactions was introduced by Folgar and Tucker [62],
and has been widely employed in modeling short fiber composite
processing. Folgar and Tucker argued that particle interactions
perturb Jeffery orbits, and thus act as an effective rotational diffusion
process with a diffusivity that is proportional to the shear rate: Cy.
Cis aninteraction coefficient that would, for instance, be expected to
increase with particle concentration. The Folgar—Tucker model is
commonly applied to non-Brownian dispersions, but if we assume
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that rotational diffusion and the effective diffusion process due to
particle interactions act in parallel, then D, in equation (5) may be
replaced by:

Dr«,ejf = [Dr + Cﬂ (6)

Equations (5) and (6) provide the simplest framework for consid-
ering the combined influence of Brownian motion and interparticle
interactions on the orientation dynamics of disk-like particle
dispersions. For comparison to experimental orientation data in the
1-2 plane, equations (3) and (4) may be used to compute measures
of anisotropy and orientation angle in the computed particle
orientation distribution. Solution of equation (5) requires use of
a closure approximation for the 4th-order moment tensor. Since
our interest here is limited to qualitative behavior, we have adopted
the simplest quadratic closure approximation.

In the absence of interparticle interactions (C = 0), the orien-
tation dynamics predicted by equation (5) follow expectations for
dilute Brownian dispersions (Fig. 16). As Pe — 0, rotational diffusion
renders the orientation distribution isotropic ((AF—0)), and the
orientation angle approaches 45°, the principal straining axis of
shear flow. Conversely, for Pe— <« anisotropy is predicted to satu-
rate, while x approaches 0°. While the 8 wt% data in Fig. 5 show
trends in qualitative agreement with these predictions, there are
discrepancies in both low and high Pe limits. At the lowest shear
rates studied, AF fails to reach 0, and x remains far smaller than 45°.
Conversely, at high rates, although AF appears to saturate, x
remains at a finite positive value.

The discrepancies at high Pe may reflect the influence of inter-
particle interactions. Since the Folgar—Tucker effective diffusivity is
proportional to v, increasing C has the effect of limiting the degree
of particle orientation, as well as the extent of alignment along the
flow direction, in the Pe— « limit (Fig. 16). Although the more
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concentrated 15 wt% montmorillonite dispersion does not show
any obvious signatures of rotational Brownian motion in either
steady shear or relaxation, particle interaction effects may explain
differences between the 8 and 15 wt¥% dispersions in the high shear
rate limit. At high Pe, both AF and y approach limiting values that
are solely determined by the interaction constant, C. The more
concentrated montmorillonite dispersion would be expected to
have a larger C, which would result in (i) lower degree of anisot-
ropy, and (ii) higher orientation angle at high shear rates (Fig. 16), in
agreement with experimental observations in Fig. 5.

Equations (5) and (6) provide, at best, a crude representation of
orientation dynamics in concentrated disk-like particle dispersions.
Recently Meng and Higdon have developed sophisticated algo-
rithms for efficient direct computation of the detailed structure and
hydrodynamics of such suspensions [63,64]. Such a simulation
approach would have considerable promise to provide detailed
insights into the steady and transient orientation data presented
here.

The oscillatory structural response observed upon flow reversal
(Fig. 6) in the 8 wt% montmorillonite sample can be readily inter-
preted to arise from the underlying tumbling dynamics of disk-like
particles. Although the corresponding mechanical response does
not exhibit oscillatory character, there appears to be a close rela-
tionship between the structural dynamics and shear stress
observed in Fig. 7. In particular, we note that the duration of the
transient stress response is very closely correlated with the dura-
tion of the primary reorientation reflected in the change in sign of
x (Fig. 6b). The mechanical data of Fig. 7 span a wide range of shear
rates. Over this range, Fig. 5b shows that the orientation angle
moves progressively closer to the flow direction at higher rates. As
a result, the structural reorientation required upon flow reversal is
smaller in extent, providing a direct explanation for why the vari-
ation in normalized stress during the reorientation process has
a smaller magnitude at higher rates.

Changes in particle orientation induced by flow and during
relaxation have frequently been used in interpreting studies of
nanocomposite rheology. Figs. 9—11 provide a rare opportunity to
test these concepts directly. Observations of anisotropy relaxation
in Fig. 9 provide direct evidence of Brownian effects in this
dispersion. (The relaxation of orientation angle towards smaller
values resembles behavior seen in dilute Brownian dispersions
[61], where it is attributed to polydispersity in particle size. Larger
particles, which are, on average, aligned closer to the flow direction
during shear, relax more slowly. As relaxation proceeds, the average
orientation angle is thus increasingly biased towards the smaller
values characteristic of the larger particles.) At first glance, the
disorientation observed in Fig. 9 provides a satisfying explanation
for the recovery of dynamic moduli (Fig. 10), and the development
of stress overshoots after rest periods in interrupted shearing flow
(Fig. 11), both of which occur on time scales comparable to the
orientation relaxation. Closer inspection, however, suggests at best
an imperfect correlation between particle orientation and changes
in mechanical properties during relaxation. Over the range of shear
rates probed in Fig. 10, the steady state degree of particle orienta-
tion varies substantially (Fig. 5a). However, there is very little shear
rate dependence in the subsequent evolution of linear dynamic
modulus. The discrepancy is much starker in the 15 wt% mont-
morillonite suspension for which no relaxation of particle orien-
tation is observed following cessation of either steady shear
(Figure S.3) or LAOS (Figs. 13 and 14). Nevertheless, this sample also
exhibits recovery of dynamic modulus during relaxation that is
very similar to that observed in Fig. 10 (Figure S.4). For this reason,
we conclude that recovery of dynamic moduli (and associated
solid-like character) following cessation of shear flow primarily
arises due to reformation of a mechanically percolated nanoparticle
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network, which may or may not occur in parallel with significant
changes to the particle orientation state. In a sufficiently concen-
trated dispersion, we postulate that interparticle associations that
are broken during shear are able to reform even in the absence of
measurable changes in the average particle orientation state.

Comparison of interrupted shear and interrupted reversal data
in Fig. 11b reinforces the role of particle network reformation
during the rest period. For short rest periods, in which negligible
network formation can occur, the differences in transient response
upon flow resumption are directly attributable to the particle
reorientation that is necessary upon shear flow resumption in
the reversed direction. While there is some relaxation of particle
orientation, the data in Fig. 9 make clear that there will still be
substantial particle reorientation necessary in the interrupted
reversal case when flow is resumed after a 1200 s delay. Indeed, the
stress transients continue to exhibit differences depending on
whether flow is resumed in the same or the reversed direction. In
both cases, however, a large stress overshoot is present, which we
postulate emerges as a result of particulate network reformation in
the quiescent state. (Fractal particle networks have similarly been
identified as the source of stress overshoots in polymer—carbon
nanotube dispersions [65]). The data of Fig. 11a (and the interpre-
tation described here) closely parallel observations of Vermant
et al. in similar testing protocols [38].

Redevelopment of particle network structure may provide an
explanation for the failure of the 8 wt% dispersion to relax to a fully
random orientation state (Fig. 9). This observation seems closely
related to the persistence of finite anisotropy in this dispersion at
the lowest shear rates in Fig. 5a. In fact, none of the dispersions
studied here ever exhibited a random particle orientation distri-
bution, highlighting the role that flow history during sample
preparation and loading may have on the structure of nano-
composites during rheological testing. All the dispersions studied
here are quite highly concentrated. At sufficient loading, aniso-
tropic disk-shaped particles are expected to form an ordered
nematic phase; for instance, Jogun and Zukoski utilized liquid
crystal concepts in interpreting rheological data collected on highly
concentrated aqueous clay dispersions [66]. In situ measurements
of particle orientation could conceivably help determine whether
nematic ordering is present. However, in the presence of compli-
cating factors such as particle networks formed due to interparticle
associations, it may be hard to draw definitive conclusions. For
instance, does the lack of orientation relaxation observed here in
the more concentrated dispersions reflect hindered relaxation due
to by nanoparticle networks, or does it reflect equilibrium nematic
ordering? The existence of strong analogies between the hydro-
dynamics of anisotropic particles and nematics renders such
questions more difficult. For instance, the Folgar—Tucker model of
interacting fibers is virtually identical to the Larson—Doi model of
polydomain nematics [67,68], and, indeed, the orientation
dynamics observed upon flow reversal in Fig. 6 closely resemble
experimental observations in tumbling nematic liquid crystalline
polymers [55]. Certainly, however, polymer—clay nanocomposites
share the trait common to all classes of complex fluids that direct
measurements of structural changes during flow provide many
useful insights into the origin of complex rheological behavior.

5. Conclusions

We have reported in situ measurements of particle orientation
in sheared dispersions of organically modified montmorillonite and
fluorohectorite in a low viscosity polymer melt using synchrotron-
based X-ray scattering. Anisotropic 2D diffraction patterns from
disk-shaped intercalated clay tactoids allow quantitative analysis of
the average degree and direction of particle orientation during

shear flow. Due to the low matrix viscosity, effects of rotational
diffusion are clearly manifested in a moderately concentrated
(8 wt%) montmorillonite dispersion, which shows shear rate-
dependent anisotropy factor and orientation angle, and partial
relaxation of orientation upon flow cessation. Conversely, a more
highly concentrated montmorillonite dispersion and a fluo-
rohectorite dispersion show less rate dependence in orientation
state, and no orientation relaxation. In all samples, a finite average
particle orientation angle relative to the flow direction is observed
at all shear rates; the inability of shear to induce truly ‘parallel’
alignment is attributed to interparticle interactions. The flur-
ohectorite sample shows a higher level of orientation, consistent
with its higher aspect ratio particles. Similar trends in orientation
are observed as a function of frequency in large-amplitude oscil-
latory shear.

Connections between flow-induced particle orientation and
rheology were explored. Particle reorientation upon reversal of
shear flow direction is accompanied by a transient feature in shear
stress measurements. However, characteristic oscillatory structural
dynamics in the 8 wt% montmorillonite dispersion (attributed to
Jeffrey orbit tumbling of disk-like particles) are not manifested in
the mechanical response. Application of shear flow suppresses
dynamic moduli, which gradually recover following flow cessation.
Similarly, interrupted shear testing reveals that stress overshoots
during resumption of shear grow with increasing delay time. While
these processes occur in parallel with partial relaxation of orien-
tation in the 8 wt% montmorillonite dispersion, similar rheological
signatures are present in more concentrated samples that show no
relaxation of orientation. For this reason, we concluded that
development of increased elastic character in these clay dispersions
following flow cessation is primarily associated with redevelop-
ment of particle networks that are disrupted by shear flow.
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