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Abstract

Reversible, shear-induced gelation of semi-dilute aqueous colloidal dispersions consisting of monodisperse discoid particles (Laponite)
and weakly adsorbing polymer (polyethylene oxide) is studied through a combination of small angle neutron scattering and oscillatory shear.
When shaken the samples undergo a dramatic transition from a low viscosity fluid to a self-supporting, turbid gel. This complex non-linear
behavior is found to occur over a narrow composition regime near a composition commensurate with saturation of the clay surface with
polymer. Through a combination of SANS and rheology, shear gelation is found to occur through the deformation of large stable flocs that
expose fresh surface area for the formation of new polymer bridges. At rest, the temporary shear-induced flocs slowly fractionate with time as
the polymer desorbs from the clay surface. The shear-induced gelation is time reversible and strongly temperature-dependent suggesting tha
relaxation is an activated process. Samples showing shear induced gelation are also able to form stiff stable gels which are characteristically
similar to pure clay dispersions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction surface is saturated with polymer. However, the transition
region between these two opposing scenarios represents a
An extensive number of studies are devoted to the topic of gray area where metastable states are often obsg2y@id
complex interactions between polymers and solid colloidal  In the past, most studies have focused on systems in the
particles. Many of these works are driven by industrial in- limit where particles are much larger than the polymers and
terest resulting from the large number of products and pro- the polymer—particle interaction can be approximated as ad-
cesses involving multi-component mixtures. For example, sorption on a flat surface. Solid particles with well-controlled
the pharmaceutical, pulp and paper and petroleum indus-geometry in the size range of tens of nanometers or smaller
tries routinely deal with polymer—particle dispersions. These are now accessible to the research community as standard
complex mixtures are used as rheological modifiers, as ad-materials. Studies on systems where the particles are com-
ditives in coatings, and to stabilize or flocculate colloidal parable or smaller than the characteristic size of the poly-
systems. Additionally, the development of nanotechnology mers have great technological potenfid] but can result
in fields such as biomedicine and materials science has re-in unexpected adsorption behav[r7]. When the particle
sulted in renewed interest from academics and high technol-size is reduced, the adsorption behavior is affected by new
ogy companies. The behavior of dispersions at high and low phenomena related to increased curvature and surface area,
polymer concentrations has been extensively studied and theenhanced particle mobility and topological constra[8is
stabilization and flocculation phenomena are now considered Discoid particles have flat surfaces and can show very dif-
well understood1]. Typically, the addition of an adsorbing ferent structures and particle mobility than spherical parti-
polymer to a colloidal dispersion causes flocculation at low cles of similar size. Synthetic smectic clay particles (for ex-
surface coverage and steric stabilization when the particleample Laponit&™, SaponitéM) have been extensively stud-
ied in the last 5 years because of their complex phase be-
mspondmg author. Tels1-412-268-3020; havior at very low concentratid,7,9—16] The behavior in
fax: +1-412-268-71309. the presence of water soluble polymers has also been stud-
E-mail address: Iwalker@andrew.cmu.edu (L.M. Walker). ied for gels[13,14] and fluid dispersion$5,7,9,16] Shear
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transitions between these two states were recently reportedaxation to the initial fluid state. The state reversibility is
for aqueous dispersions of Laponite and polyethylene ox- possible because only few polymer segments act as anchors
ide (PEO) at very low concentratiorjg]. Over a narrow that can easily desorb without the largely coordinated effort
composition range, close to surface saturation, these samihat is needed in multi-segment desorption. However, if a
ples exhibit abrupt thickening upon agitation. When shear larger part of the chain adsorbs on the exposed surface, the
stops, this dramatic increase in elasticity is followed by a polymer bridges become stable and flocs do not completely
very slow relaxation of the gels to the initial fluid state. Sam- break up after relaxation. This would be observed as an irre-
ples that exhibit this strong, but reversible, shear thickening versible flocculation and a dependence of sample properties
have been dubbed “shake gels”. The induced gels are veryon the sample history.
stiff and viscoelastic with properties that are qualitatively ~ Even though the “shake-gel” dispersions are stable and
different from those of the pure clay dispersions. The prop- do not flocculate with time, complete flocculation and sepa-
erties of the samples before the shear gelation and after thaation of the solids from the solvent can be achieved by rub-
complete relaxation are very similar to those of dilute col- bing the samples between fingers. Therefore, the reversible
loidal dispersions with a viscosity similar to water. A sim- gel state presents interesting possibilities in new separations
ilar shear effect is also observed with small silica particles technology. This state duality, sol and gel, may be useful
in the presence of adsorbing polyni8t. In both systems  in shear controlled flocculation of materials after they have
the shear gelation is reversible and it is observed near thebeen effortlessly transported and processed in sol form. This
surface saturation limit. paper focuses on the characterization of the “shake-gel” ef-
The mechanism for shear-induced gelation and the subsefect through small angle neutron scattering (SANS) and rhe-
guent relaxation is interpreted as being caused by the forma-ology in order to improve in the microscopic gelation model
tion of unstable polymer bridges that result in the creation of that was previously presenté?].
large elastic flocs. These physical bonds are naturally weak Fig. lashows a pictorial representation of the shear in-
because they have been formed through the adsorption of aduced gels and other phases that are observed as the PEO
small number of polymer segments on new clay surface. This concentration is varied at a fixed clay concentration. At very
surface was made available to adsorption as a consequenckw concentrations of PEO, most of the chains are adsorbed
of the shear deformation of stable aggregates. When the de-and bridging can only occur over a small fraction of the
forming stress is released, thermal motion of the compo- particle population. Because most of the particles are indi-
nents drives the slow desorption of these weakly bound seg-vidual primary particles, the samples behave like pure clay
ments and results in the fragmentation of the shear-induceddispersion of similar concentrations. This is the “stable sol”
aggregates. This is experimentally observed with a slow re- phase which is a stable, low viscosity solution. At higher

Stable Sol Permanently Gelled Foaming Stable Sol

‘% 100% D,0
I Egg 1 69%D,0
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Reversible “Shear Induced Gel” Phase

Fig. 1. (a) Pictorial sketch of various phases observed as the amount of polyethylene oxide is increased with respect to the total particleasurface are
At low PEO concentrations, samples behave like pure clay dispersions. Increasing the polymer concentration creates permanently gellechsamples wit
shear-dependent structure. Near the saturation limit, shearing the samples creates stiff gels that can relax back to the initial fluid statssWiHOexc

the samples are stable dispersions that foam upon agitation. (b) Sketch of contrast matching technique.



D.C. Pozzo, L.M. Walker / Colloids and Surfaces A: Physicochem. Eng. Aspects 240 (2004) 187-198 189

PEO concentrations but below the surface saturation, thereacting system is given by the scattering that arises from the
is enough polymer to cause the macroscopic flocculation of individual components and the correlations between them
the particles. These bridges are stable because the surfacess shown irEq. (2)
are not saturated with polymer. This is evidenced macro-
scopically as a turbid gel that shows no relaxation. This is 1(q) = (01 — ps)?S11(¢) + (02 — ps)?S22(q)
f[he “permanently gelled” phase. A§ PEO concentrations are + 2(p1 — ps)(p2 — ps)S12(q) 2
increased towards the concentration of surface saturation,
the size of the aggregates decreases and the samples agaBecause of the additional scattering from correlations be-
become transparent sols. It is in this region that the sheartween the different component§;6), the scattering from
induced gelation is observed. If PEO concentrations are fur- interacting systems is greater than the sum of the scatter-
ther increased above the clay surface saturation values, théng of the pure components in solution. SANS also presents
samples are transparent and fluid. A foam layer developsthe possibility of variation of the scattering contrast through
on agitation, which indicates the presence of free polymer the choice of different molar amounts of isotopic solvents.
chains in solution. These samples compose the “foaming When the molar average scattering length density of the sol-
stable sol” region. vent (ps) is set to be equal to that of one of the dispersed
In the absence of shear, colloidal particle movement is components, the scattering arising from the molecular cor-
dominated by Brownian motion arising from collisions with relations of the third component is measuigg,14,16]
solvent molecules. In the presence of a shear field the Peclelf the scattering at various contrast values is obtained from
number is used to scale this random motion with respect to several experiments, it is possible to recover all the individ-

the hydrodynamic force<q. (1) ual contributions to the total scattering. This powerful tech-
.o .3 nique allows the determination of the structure of individual
ya ya6mng . .

Pe='— ="+ 1) components in complex mixtures. A sketch of the contrast
D koT matching technique for this system is showrFig. 1h In

In this equationa is the characteristic particle sizg,the this work we make use of the opposite sign of the scat-
characteristic shear rat®, the self-diffusion coefficient and  tering length density of O and 3O. When the solvent
no the solvent viscosity. When this number is of order 1 or is pure DO, the clay and the PEO are in contrast to the
greater, the hydrodynamic forces become strong enough tosolvent and the scattering function contains information of
compete with the thermal motion so that particle tumbling both components. When the solvent is 69%CDand 31%
and stretching effects are observed.Rst« 1 the particle H>O the scattering length density of the solvent is equal to
motion is controlled by the thermal energy. Particles with that of the clay particles and the collected scattering func-
size range in the tens of nanometers are not influenced bytion is mostly dependent on the polymer structure. At 17%
typical experimental shear rates 10001/s). Yet, because DO the scattering length density is matched to the polymer
the Peclet number is a strong function of aggregate size,and the recovered function is mostly dependent on the par-
stable aggregates in the 100 nm size range are influencedicle structure. Contrast is experimentally verified by scat-
by ordinary shear fields. Consequently, some degree of statering of pure components in matched solvents. In the case
ble aggregation is required in shear-induced gelation and of colloidal particles with adsorbing polymer, the correlated
shear-induced flocculation of systems of nanoparticles. structure factors can also be used to obtain a segment con-
This work aims to quantify this dramatic shear gelation centration profile after assuming a functional form. Unfor-
effect and gain insight into the molecular gelation and re- tunately, the scattering is heavily biased towards the regions
laxation mechanisms. Oscillatory strain rheology is used to of high segment concentration and is therefore inaccurate in
characterize the time-dependent modulus after the gel state isletermining the extension of polymer loops and tails.
induced. This procedure is used to evaluate the temperature
and the sample age dependence of the gel relaxation. The
linear and non-linear flow responses are analyzed through2. Materials and methods
Lissajous phase plots during the measurement cycles of the
gel relaxation. Characterization of the full frequency and 2.1. Sample preparation
strain spectrum becomes increasingly difficult because of
the metastable nature of the gel state and because its relax- Synthetic hectorite clay (Laponite XLG) was obtained
ation occurs in the timescale of the experimental measure-as a gift from Southern Clay Products (Gonzalez, TX).
ments. Small angle neutron scattering experiments are usedrhis high purity grade has an empirical formula of
to probe the aggregate microstructure in the gel state andNag 7 [(SigMgs.5Li03)020(0H)4] 7. In dry form the
after the relaxation. particles are stacked together in form of tactoid columns
SANS experiments have become standard tools in the de-which are readily hydrated. This eventually results in the
termination of colloidal structure because of the short radi- complete exfoliation into individual monodisperse discs
ation wavelength and the neutron sensitivity towards light approximately 25-30nm in diameter and 0.9nm thick
atoms. The scattering function for a three component inter- [6,7,10-12] On dispersion in water, the hydrated sodium
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ions are released from the surface of the particles forming experiments are used to probe the mechanical properties of
an electrical double layer and resulting in a net negative the system. In these experiments, the samples are subject to
surface charge. Laponite dispersions form clear gels at verya small sinusoidal strain functiory (= 1%) and the stress
low solids concentrations<(3%, w/w) and fluid dispersions  response is computed from a torque transducer connected
that show a slow time-dependent increase of the viscosity atto the stator. Large strain amplitudes £ 10-500%) are
lower weight fractions. The formation of these gels at such also used to identify the onset of the non-linear rheological
low weight fractions have been attributed both to the for- response. The frequency of oscillatian—= 1rad/s, is kept
mation of “house of cards” fractal networks and to a glassy constant for all experiments. The temperature is controlled
state due to kinetic caging of the particles from repulsive to within £0.1°C by means of a fluid bath that circulates
interactions[10-12] Because of the slow evolution of the fluid around the bob. Sample evaporation is prevented by
viscosity and the static Laponite gelation, the samples in adding a thin coat of silicone oil. The rheological influence
this report were made at low Laponite concentrations and of the thin oil coating is found to be negligible.
were freshly prepared no more than 30 min prior to each
experiment. Preferential alignment in the samples could be 2.3. Small angle neutron scattering
expected due to the anisotropy of the primary particles and
the imposed shear fields. Therefore, samples were checked Measurements are performed at the NIST Center for Neu-
for birefringence by placing between crossed polarizers tron Research in Gaithesburg, MD using the NG3 30m
before and after being sheared. The samples were not bire SANS instrument. A quartz Couette cell with 1 mm gap is
fringent at rest, indicating that the concentrations used wereused for shear and relaxation measurements. The shear cell
below any isotropic to nematic phase transition boundary and its operation have been previously described in detalil
[15]. However, the samples that exhibited shear-induced [18]. A neutron de Broglie wavelength of 6 A with a spread
gels showed static birefringence in the gel state that relaxed AA/A of 0.15 is used at various detector distances to gather
back to the initial non-birefringent state. full scattering profiles. Detector distances of 12.0, 4.0 and
Poly(ethylene oxide) or PEO with a listed molecular 2.0 m are used corresponding@svalues between.004 <
weight of 300,000 g/mol was obtained from Aldrich Chem- Q < 0.18 A-1. All the data was appropriately reduced and
ical Company (Milwaukee, WI) and was used as received. set on an absolute scale with respect to open beam transmis-
The polymer radius of gyration was determined to be sions. Incoherent background intensity, measure@ at
20.5 nm from SANS data and 21.7 nm from intrinsic viscos- 0.1 A~1 are subtracted from the corresponding profiles.
ity measurementgl7]. The samples were prepared by fully
dispersing the clay in 18 & Millipore filtered de-ionized
water which is then mixed with a corresponding amount of 3. Results and discussion
a PEO stock solution. PEO stock solutions are prepared well
in advance, ensuring complete dispersion of the polymer 3.1. Phase behavior
chains. It is of critical importance that the clay be added as
the first component and allowed to fully disperse since the A phase diagram of the Laponite—PEO system has been
premature addition of polymer can prevent the full exfolia- presented previoush2] and is expanded and reproduced in
tion of the tactoids and result in a considerable shift of the our laboratory. Our phase diagram is showrFig. 2 The
region of shear-induced gelation. The pH of the resulting figure shows the observed phases as a function of clay con-
samples was measured to be about 10, a pH at which thecentration in weight percent and the mixture concentration
Laponite particles are stable and negatively charggd given asl, the total mass of polymer per total area of clay
SANS samples were prepared with 99.8% pure deuteratedsurface. When plotted in terms of amount of polymer per
water obtained from Aldrich or in BD/H,O mixtures so particle surface area itis clear that the phase transitions from
that the solvent was matched in scattering density (SLD) to macroscopic flocculation to shear gelation and to stable sol
either the PEO (17% £D, SLD = 0.62x 10-%A—2) or the are functions of the polymer surface coverage. If it is as-
Laponite (69% RO, SLD = 4.2 x 10~ A—2). Scattering sumed that most polymer is adsorbed, the region of induced
profiles from the pure components in and around contrastgelation is close to the expected surface saturation value for
matching conditions were used to check the zero scatteringthe PEO—Laponite system previously reported in the litera-

solvent compositions. ture. Lal and Auvray used a core-shell model to obtain satu-
ration adsorbed amounts for PEO of varidig on Laponite
2.2. Rheology RD [6]. More recently, Nelson and Cosgrove improved on

the core-shell model by allowing the shell to extend on the

The rheological measurements are performed with an sides of the clay particldd6]. This resulted in a more real-
ARES (TA Instruments, New Castle, DE) strain-controlled istic model and better fit results. The authors found that the
rheometer using a Couette cell. In this configuration a cup of polymer adsorbs flatly and coats the clay particles with a
34.0 mm in diameter acts as the rotor and a bob of 32.0 mmlarger shell on the sides (2.5-5 nm) than the shell normal to
in diameter and 33.0mm in length is the stator. Dynamic the surface (1.5 nm). Additionally, they found that the edge
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Fig. 2. Phase diagram of macroscopic behavior for the Laponite—PEO system as function of particle and polymer concentration (mg PE@yper m
surface). The solid lines are included to aid in the visualization of the different phase regions.

thickness varies with the polymer molecular weight but the It is also observed that the nature of the applied shear
shell normal to the particle remains constant. These resultsfield has a profound effect on the sample behavior. When
seem to indicate that the polymer tails and loops may ex- the samples are subject to simple shear in Couette flow it
tend further through the edges than normal to the particle. is found that the gels are not induced at shear rates up to
The authors also obtained a value for the saturation adsorbedhousands of inverse seconds. However, the gelation phase
amount of 0.7 mg/rhfor PEO chains, which reinforces the transition is observed with moderate manual agitation which
results shown in this work. The agreement of the saturation corresponds to a significantly smaller shear raté@ I/s)
surface coverage is evidence of similarity to the mechanism [19]. This observation indicates that the large, stable, clay
proposed by Cabane et al. for the mechanical gelation in theaggregates become oriented in the shear field as they form
silica—PEO systenB]. At very low I't the samples behave and this prevents their further aggregation in simple flow
like clay dispersions since there is too little polymer to re- fields by reducing the number of effective collisions. This
sultin any observable flocculation. When thgis increased  argument is in contrast to observations in the system con-
further, the polymer forms large numbers of stable bridges sisting of silica particles and PEO which showed gelation
with the unsaturated clay surface. This causes the macro-under simple shear at moderate shear ri8gsThe nature
scopic gelation of the samples that show no time-dependentof this effect is likely due to the primary particle anisotropy
relaxation because the bridges are stable in the absence o6f the clay. On the other hand, it is found that after induc-
shear. At highelrt, near the surface saturation value, there ing the gel phase in the polymer clay system this state is
is little free clay surface and the aggregates are smaller be-sustained in a simple shear field with no sample relaxation.
cause the number of bridging chains is reduced. However, This effect is observed as long as the sample is not allowed
the aggregates are large enough to be influenced by experto relax beyond a threshold value after which the phase tran-
imental shear rates and they can be stretched or deformedsition cannot be induced again under simple shear.

This results in the exposure of additional free surface and

creates the necessary conditions for further aggregation. This3.2. Gel rheology

is where the shear gelation or shake-gel effect is observed.

Fig. 2shows that the samples exhibit shear-induced gelation Because of the history dependence and the fast dynamics
(open squares) over a narrow rangel®f When the values  of the metastable gel, typical rheological characterization
of I't are substantially above the surface saturation values,techniques become complicated. Additionally, it is found
there is free polymer in solution. This excess polymer re- that the gelation transition could only be induced in situ
duces the size of the aggregates by further saturating the claypy dynamic experiments at large amplitudes and frequen-
surface and preventing bridging. Additionally, it competes cies. Under these conditions the time needed for shear gela-
with other aggregates for surface that is exposed throughtion is unpredictable and accurate mechanical measurements
shear. are prevented. Therefore, to probe the relaxation of the gel
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Fig. 3. Semi-log plot of relaxation after sheared induced gelation for 300 K PEO 0.45% (w/w) and Laponite 1.5% (w/w) (samplg.A)irt various
temperatures. 10C (filled circles), 15C (open circles), 20C (filled squares), 25C (open squares), 3C (filled triangles). Insert: Arrhenius plot of the
initial relaxation time.

state, we developed a specific protocol that generates a reto a single exponential decad. (3)
producible history. The §amples are flrst induced into .the IG*| = (G2 + G")Y2 = |G*|pe !/ 3)
gel state by manual agitation of the jars and loaded into
the rheometer. The samples are then sheared for 5min afThe relaxation experiments indicate that the process is very
a rate of 300! before characterization of the relaxation. sensitive to the sample temperature. The characteristic relax-
This controlled initial shearing is carried out in order to ationtimeis 120 s for the samples at’Z5and 760 s at 10C.
give all tested samples the same starting condition after theWhen the temperature is decreased, the single exponential
manual gel induction. Experiments are also repeated to in-approximation becomes less accurate as can be observed
vestigate the variation caused by differences in loading the from the increased curvature of the data in the semi-log plot.
samples. Repetition of experiments is reproducible with ex- Fig. 3indicates that at lower temperatures the relaxation is
periment to experiment deviations on the same sample be-significantly slowed and actually incomplete after more than
ing below 10% of the signal. Probe experiments are carried 12 h. This observation is consistent with the relaxation be-
out at a small strain of 1% and frequency of 1rad/s to pre- ing due to the thermal motion of the particles and the poly-
vent any non-linear rheological response and to avoid ex- mer. However, it is also possible that temperature-dependent
cessive sample manipulation while still maintaining a rea- solvation in PEO—water could cause loops and tails to ex-
sonable signal to noise ratio during the relaxation. Our ap- tend further at lower temperatures than at higher ones and
proach generates a consistent and reproducible deformationtherefore change the aggregation morphology. On the other
history. hand, SANS profiles indicate that for this temperature range
Fig. 3shows the relaxation of the magnitude of the com- there are no structural differences between gels formed at
plex modulus,G*|, for a sample at various temperatures. The low temperatures as compared to those at higher tempera-
drop in the modulus is observed to be more than two orderstures. Additionally, we find that at even lower temperatures
of magnitude. The shear induced phases typically have sim-(5°C) the relaxation is incomplete for periods as long as 3
ilar initial complex moduli values of 10-30 Pa which drop days. This suggests that aggregate breakup depends on an
to values below 0.1Pa, a value typical of dilute aqueous activated process. This is confirmed by an Arrhenius plot
colloidal dispersions. Initially, the elastic component of the for the characteristic relaxation times shown in the insert to
modulus @) is only slightly larger than the viscous compo- Fig. 3. An activation energy of 107 kJ/mol is obtained from
nent G”) while, after the relaxation is complete, the viscous the slope of the line. This temperature behavior arises due
component dominates. It is observed that the relaxation isto the existence of an energetic barrier for the desorption of
initially exponential but becomes slower as it proceeds. A the unstable anchoring polymer segments.
characteristic relaxation time for the initial relaxation is de-  An aging effect is also observed when relaxation is probed
fined by fitting the early relaxation of the complex modulus on samples that are allowed to rest for several days. This im-
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Fig. 4. Semi-log plot of relaxation after sheared induced gelation for 300K PEO 0.45% (w/w) and Laponite 1.5% (w/w) (samtegAZnafter
variable rest periods. Fresh (open circles), 7-day-old (filled circles), 21-day-old (filled squares) sample. Insert: expanded time axis foldZample
showing “Laponite type” gel restructuring after shear gelation and relaxation.

plies that the aggregates are still able to form the clay-type solid and a full circle in the limit of the Newtonian viscous
gel by repositioning themselves in solution. PEO-containing fluid [20]. Deviations from elliptical shapes are indications
samples that are allowed to rest for weeks form transpar- of non-linear responses and higher harmonics that can arise
ent thick gels similar to those of pure Laponite dispersions. due to the material properties or to instrument effects like
When these samples are agitated the shear thickening behawall slip. Relaxation experiments carried out with relatively
ior is still observed but the relaxation is significantly slower small strain values( < 10%) show linear behavior through-
and incomplete. As with pure clay dispersions, the aging be- out the relaxation. However, when the phase plots are col-
havior is faster for samples that contain larger clay concen- lected at large strain amplitudeg & 100%) the response
trations. For samples containing clay concentrations abovegoes through a non-linear region during the relaxatag. 5

2 wt.%, the aging behavior is observable within a day. There- illustrates the Lissajous phase plots for a strain of 500%.
fore, our experiments are carried out at a clay concentrationThe torque values are divided by the maximum torque in
of 1.5wt.% because this concentration allows the decoupling the cycle to directly compare the shapes of the figures. It is
of the shear induced gelation from the stable aging effect observed that the response of the fluid is linear at short and
while still having measurable rheological property changes. long relaxation times but experiences a non-linear interme-
Fig. 4 shows the gel relaxation for identical samples mea- diate region during the relaxation. The same observation of
sured immediately after preparation and after 1 and 3 weeksa transient non-linear regime is made for strain amplitudes
of rest at 25C. One week after preparation, the slower and of 100%. While the gel and relaxed sol structures appear to
incomplete relaxation is evident already. The 3-week-old be rheologically robust, the sample structure appears to pass
sample shows clay-type gelation on the timescale of the ex-through a very sensitive region during the relaxation. This
periment. The insert ifrig. 4 shows an expanded time axis non-linear response may result from a region where the sam-
that depicts the two very different time scales of the different ple properties are such that wall slip becomes significant, or
gelation mechanisms. In contrast to simultaneous growth of simply be due to the result of a structure that is more sen-
G andG” in the shear induced gel, this clay-type gelation sitive to mechanical deformation. It is difficult to imagine

is characterized by the increase of the elastic moduBjs (  that slip would be evident in transient structures but not in
with a constant loss modulus(). These stable gels also the gelled state. It is more likely that the non-linearity of
have a greater mechanical strength than the shear inducedhe Lissajous phase plots indicates a more sensitive structure
gel phase. exists during the relaxation.

Lissajous phase plots of the strain versus stress signals Schmidt et al. carried out optical and rheological mea-
are collected during the relaxation to observe the linearity of surements on more concentrated clay gels in the presence of
the response. A linear response of the sample yields an eldarger PEO chains aff,, = 10° g/mol[13]. The authors re-
liptical pattern that becomes a line in the limit of a Hookean port a shear-thinning response for all accessible shear rates
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Fig. 5. Lissajous plot for the relaxation of 300K PEO 0.45% (w/w) and Laponite 1.5% (w/w) (sampleF#y.ir2) at 25°C with a strain amplitude of
500%. The torque measurements were normalized vertically with the maximum torque in the cycle. At large measurement amplitudes the response i
initially linear, goes through a non-linear regime and again becomes linear after the structure relaxation has finished.

and stresses. Interestingly, the authors find experimental dif-The sample is likely at the edge of the shear-induced gela-
ficulties on testing the sample containing the lowest polymer tion boundary and close to surface saturation. However, the
concentrations (LRD1 in referen¢&3]). The observations  samples used in the study contain clay concentrations that
of shear induced phase separation, turbidity and wall-slip areare above the stable gelation concentration and it is therefore
somewhat consistent with the formation of a “shake gel”. hard to discriminate between the shear-induced gelation and
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Fig. 6. Scattering profiles for 1.5% Laponite clay (squares) and 0.45% PEO (circles) in p0reTBe PEO curve was vertically shifted for clarity. The
clay profile is characteristic of fully dispersed thin discs of 30 nm diameter (solid line). Slope® and —1.6 are observed hig) which are typical
of thin particles and excluded volume random chains, respectively. Insert: corresponding Guinier fits.
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the formation of the stable clay network. The effects due to 102

adsorption in the nanoparticle size range also become evi- - 1
dgnt in the reported paper. The scattglfmg], rheology gnd o S~
birefringence[13] results are suggestive of a dynamic net- ©°Bogg0m, ~

work with equilibrium polymer adsorption and desorption.

This is only possible because the constrained surface only

allows few segments to act as anchors and the adsorption is
reversible on short timescales. 100 -

3.3. Small angle neutron scattering H‘g : éﬁ'ﬁ;?g@xgon @5°0)
:.>‘/ 101
Fig. 6 shows the scattering profile for a 1.5% (w/w) dis- @
persion of clay platelets in D which follows a slope of £ ~
—2 atQ > 0.02AL. The slope is indicative of scattering ~ — 83200, T~
from thin two-dimensional structures. Moreover, the excel- 10t 4

lent agreement between the I@vdata and the form factor

for non-interacting thin discs (solid lin¢21], indicates that
freshly prepared samples of Laponite at these concentrations
(1.5%, w/w) are still randomly oriented. The fit to the thin
disc form factor resulted in a clay radius of 13.3 nm with a o After Relaxation (10°C)

100 <

thickness of 0.8 nm thickness indicating complete exfolia- @ Gelled (10°C)

tion of the clay. The lack of structure is because of the very 10* - -
slow gel development that takes place over periods of sev- 0.01 01
eral days at the lower clay concentrations. It is observed by QA"

several groups _that clay dispersion_s of concentrations justFig_ 7. Scattering from 1.5% clay and 0.45% polymer (sample Fiin 2
ab?"? 2% exhibit fract«_al type scattering at IQavalueg10]. dispersed in PO while gelled under 300% shear (squares) and after
This is not observed in fresh samples of 1.5% (W/w) clay rejaxation for 2h at 25C (top) and 10C (bottom). No anisotropy was
or lower. Laponite dispersions do not show shear anisotropy observed in the two-dimensional profiles at th€seanges.
in their scattering in thi€) range[14]. The insert shows a
Guinier plot from which the disc radius is calculated to be
16.4nm. In the Guinier analysis the radius of gyration can its final fluid state. As expected for a system of particles and
be calculated from the slope of a plot of IngersusQ? for adsorbing polymer, we find that the lo@ scattering from
values ofQ approaching zero anQRy < 1 (Eq. (4) [21] the mixture is larger than that from the sum of the pure com-
_ _ 11252 ponents at the same contrast and concentration. We also find
(@) =10 =0 exp(— 30°Ry) () that the scattering profile of the sample in the relaxed state is
For thin discs, the radius of the disc is equalt@ times the similar in shape to that of pure clay. However, the shoulder
radius of gyrationFig. 6also shows the scattering profile for is shifted towards highe@-values indicating enlargement
0.45% PEO dispersed inD. The scattering shows a linear of the aggregates. We expect this is due to the adsorption of
dependence with a slope neal.6 that is characteristic of  the polymeric chains and some aggregation of particles.
random coils with excluded volume interactioj22]. The Little or no shear anisotropy in the scattering is observed
radius of gyration for the PEO chains is independently mea- for the samples in the measur€drange for shear rates as
sured through scattering and viscometry to be about 20 nmhigh as 10003!. Yet the samples in the induced gel state at
which is in the same size range as the clay particles. these compositions are highly birefringent and show elon-
Fig. 7 shows the scattering profiles for 1.5% clay and gational elasticity (evidenced by pulling strong fibers when
0.45% PEO in pure BO (sample A inFig. 2) where all the they are scooped from the sample jar). This implies that there
components contribute to the scattering. The top figure is is long-range alignment of the aggregates that should scat-
collected at 25C and the lower figure at 1. Two data ter at smalleQ-values. It appears then that in the size range
sets are shown in each figure, one is collected in the gelstudied, the primary particles and polymer chains are not
state as it is sheared at 300'¢0 prevent the sample relax-  highly oriented. The birefringence is likely due to the refrac-
ation (open squares) and the other at rest after 2 h of relax-tive index differences between the large elongated flocs that
ation (open circles). The relaxation is considered complete are shear oriented and the surrounding water. This is in con-
when no further development of the profile is observed in trast to shearing of concentrated networks of Laponite/PEO
short sequential scattering experiments. At a temperature ofgels which caused the orientation of the individual polymer
25°C the profile shows no time dependence after 2 h of re- chains and the primary clay particlgigl]. The scattering in
laxation. This correlates well with the measured relaxation the gel state also shows a change in slope from a value of
of the complex modulus, since after 7200 s the sample is in —2 at highQ to —1 at lowerQ-values. A slope of-1 is
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expected for elongated or one-dimensional objects. This ob-thermal fluctuations are not strong enough to break all of the
servation is consistent with the highly birefringent gel state unstable aggregates. The sample is kinetically trapped in a
which is likely due to the formation of elongated or fiber-like metastable state until the temperature is increased.
aggregates interacting in solvent of excess water. A similar When the solvent is matched in contrast to the parti-
observation was made by Cabane on the silica system wherecles (69% DO) we recover the scattering profiles arising
these aggregates showed anisotropy in the neutron scatterfrom polymer—polymer correlations. In other words, the clay
ing regime[3]. The aggregates were described as similar to is invisible to the scattering even though it contributes to
a pearl necklace where the polymer was much larger thanthe structure of the polymer in solution. The scattering at
the beads. However, the polymer in our system is of sim- these conditions includes scattering from the segments of
ilar size to the clay discs and it is more likely that it acts adsorbed chains as well as scattering from the free polymer
as “glue” between patrticles rather than as a backbone struc-n solution.Fig. 8 shows the scattering profiles from “shake
ture. Also, the elongated aggregates in this system are prob-gel” samples before and after relaxation at°€5(Fig. 8
ably longer that those formed in the silica system since the (top)) and 10C (Fig. 8 (bottom)). The slope is consistent
shear-induced elasticity is observed at much lower particle with two-dimensional or flat adsorption, consisting mainly
concentrations. of trains and short loops, which yields a hi@hvalue of
When the experiment is repeated at a temperature @10 —2. The shape in the relaxed state resembles the scattering
(Fig. 7 (bottom)), we find that there is no difference between of the dispersed clay discs. Additionally, the shoulder in the
the scattering profiles of samples in the gelled state and inscattering moves to a lower value Qfas compared to that
the state than exists after more than 10 h of relaxation. Tem-of the pure clay. This suggests that the relaxed sample is
perature does not affect the initial structure of the gel since made up of stable aggregates containing several clay discs.
the scattering from the samples at 10 and’@5s essen- Fig. 9(top) shows the scattering profiles for a sample with
tially the same. Therefore relaxation must be a result of the lower polymer content (sample B iRig. 2). This sample
breakup of aggregates due to their thermal fluctuations ashas a crumbled gelatin appearance and shows no changes
previously anticipate¢R]. At 10°C the relaxation is incom-  in properties after agitation of the containers. There is also
plete and there is no evolution of the scattering because the
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Fig. 9. Scattering from a permanently gelled sample (top, sample B in
Fig. 8. Scattering from 1.5% clay and 0.45% polymer (sample Rign 2) Fig. 2) and a stable foaming sol (bottom, sample CFig. 2), dispersed

dispersed in 69% BD (scattering density matched to particles) while in 69% DO (scattering density matched to particles) under 380shear
gelled at 3003! shear (squares) and at rest after relaxation (circles) for (squares) and after relaxation at“@5 (circles). There are no differences
25°C (top) and 10C (bottom). Scattering at higkd implies polymer in the scattering while shearing and after relaxation. Gelled samples have
adsorption in flat conformation. high Q slopes near-1.6 showing polymer extension.
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Fig. 10. Scattering from 1.5% clay and 0.45% polymer (sample Rig 2) dispersed in 17% RO (scattering density matched to polymer) under shear
at 300s? (squares) and at rest at 25 (circles).

no difference between the scattering functions during shearthe corresponding experiments with pureg@and with the
and after it is allowed to relax for a long period of time. particles contrast matched. Therefore, it is the polymer that
When the solvent is matched to the particles it is found dominates the smaf) scattering and experiences the largest
that the slope at higlQ is lowered. This change in slope conformational change on aggregation.
is caused by the highly stretched polymer bridges that form  This interesting gelation phenomenon has considerable
the macroscopic aggregates. As the polymers are stretchedpotential in areas of industrial interest including petroleum
the polymer—polymer correlation shifts from a flat adsorbed extraction, solids filtration and materials transport. Fluids
two-dimensional structure to a conformation that is closer that undergo reversible gelation may prove useful as solid
to more extended chains and this is observed in the Qigh carriers; solid particles would remain suspended in the gelled
slope change. carrier fluids as they are transported but then sediment as
Scattering profiles from samples with excess polymer the fluid relaxes at rest. Oil companies, as an example, are
(sample C inFig. 2) are presented ifrig. 9 (bottom). The often faced with the need to pump filler materials like sand
profiles are almost identical in shape to the scattering of through large distances into subterranean oil reservoirs in
the pure dispersed clay. The similarity in scattering of the order to continue the oil extraction. Filtration and separation
sample with excess polymer under matching conditions of colloidal particles may also benefit by the reversible gela-
and the pure clay shows that the polymer closely coats thetion as particle filtration could be enhanced in the reversible
clay and adopts its shape. This confirms that the surface isgelation region.
saturated with polymer and aggregation is suppressed by
steric stabilization. Shearing these samples has no effect
on the scattering and no anisotropy is observed. When the4. Conclusions
samples are agitated a foam layer is formed that suggests
the presence of free polymer chains since PEO is surface Striking shear gelation behavior is observed in clay dis-
active. persions at low solids concentrations in the presence of wa-
Fig. 10 shows the scattering profile from a “shake gel” ter soluble polymer. This behavior occurs at compositions
sample that was prepared in 17%@ where the scatter- near the surface saturation limit where shear can be used
ing contrast is only between the clay particles and the sol- to manipulate the transitions between aggregation and steric
vent. The sample shows a small change in scattering profilestabilization. In this narrow composition regime stable par-
while shearing and after relaxation at 25, The decrease ticle aggregates are deformed by shear and expose new sur-
of the radius of gyration after relaxation shows that shear face area. Collisions between deformed aggregates cause the
aggregation brings the clay particles closer together. How- formation of unstable polymer bridges that consist of few
ever, the scattering difference is smaller than that found in anchoring polymer segments. The elongated aggregates in-
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teract in a matrix of excess water and increase the macro-in part by the National Science Foundation under Agreement
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polymer bridges slowly break up. Modulus relaxation and

small angle neutron scattering experiments show that the re-

laxation process is driven by thermal motion of the polymer References
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