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a b s t r a c t

This work studies the microstructure and stability against aggregation of non-aqueous polymer dis-
persions. Styrene-co-acrylonitrile particles were sterically stabilized by block copolymer dispersants
composed of one block adsorbed on the particle surface and the counter-part soluble in the continuous
medium (a liquid polyether). A comprehensive rheological characterization (by steady and transient flow
tests and linear viscoelastic measurements) and a microstructural study (by SEM microscopy, particle
size distribution, etc.) were conducted on systems with different particle volume fraction, dispersant
concentration and styrene to acrylonitrile ratio. A trend to particle aggregation, related to either low
particle surface dispersant coverage or weakly dispersant adsorption onto the particle surface, has been
identified through viscous flow tests, mainly assessing shear-thickening phenomena related to flow-
induced particle aggregation, and by linear viscoelastic frequency sweep measurements. This work
shows the use of rheological techniques as a powerful tool for stability testing and dispersant design of
these sterically stabilized dispersions.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The use of polymers for stabilization of solid/liquid dispersions
plays an important role in industrial applications such as paints,
cosmetics, agrochemicals, ceramics, polyurethanes, etc. It is
particularly important for preparation of concentrated non-
aqueous dispersions, where electrostatic stabilization is not
possible. Rheological properties are critical in defining the perfor-
mance of all suspension products, particularly on their stability and
flow characteristics [1e4].

Dispersion polymerization generally involves the polymeriza-
tion of a monomer dissolved in an organic diluent to produce an
insoluble polymer dispersed in the continuous phase. The partic-
ulate polymer is sterically stabilized by a surface layer of polymer
that provides dispersion stability [5]. This is achieved in practice by
the use of suitable amphipathic graft-copolymer dispersants based
on a block or graft copolymer which consists of two essential
polymeric components e one soluble and one insoluble in the
continuous phase. The insoluble component, or anchor group,
).
associates with the disperse phase polymer. It may become physi-
cally adsorbed into the polymer particles, or can be designed so that
it reacts chemically with the disperse phase after absorption [2,6].

Stabilization of these dispersions is often achieved by the so-
called steric stabilization. This phenomenon occurs when two
particles containing an adsorbed polymer layer approach each
other. The layers interact with others, with the polymer chains
undergoing some interpenetration and compression. This results in
strong repulsion forces due to increase in the osmotic pressure in
the overlap region and reduction of the configurational entropy [7].

Stabilization is strongly influenced by the degree of association
of the dispersant. According to Tadros [8], an effective steric sta-
bilization requires a polymer (or dispersant) strongly “anchored” to
the particle surfaces and completely covering them, to prevent any
displacement during particle approach. For this purpose, A-B, A-B-
A block and BAn graft copolymers are the most suitable dispersants
where the chain B is chosen to be highly insoluble in the medium
and has a strong affinity to the surface. The stabilizing chain A
should be highly soluble in themedium and strongly solvated by its
molecules. Finally, for suitable stabilization, the thickness of the
adsorbed layer should be sufficiently large to prevent weak
flocculation.
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As a result, dispersion stability has two dimensions [9], which
are aggregative stability and sedimentation stability. This is
particularly important for concentrated suspensions. The interpo-
sition of a repulsive barrier having suitable strength and di-
mensions between the particles can retard their aggregation so that
indefinitely prolonged stability can be achieved for many practical
systems. The particleeparticle interactions, more specifically their
strength and their type, determine to a great extent the properties
of a suspension or a slurry, in particular: sedimentation behavior,
aggregative stability and rheology. Thus, various suspension types
do not only have different sedimentation and aggregative stabil-
ities, but they also exhibit different rheological properties [9]. Given
the correct conditions, all concentrated suspensions of non-
aggregating solid particles will show shear-thickening. The partic-
ular circumstances and severity of shear-thickening will depend on
the phase volume, the particle size distribution and the continuous
phase viscosity. Furthermore, it is expected that aggregation sta-
bility, probably affected by shear forces, will have a relevant impact
on dispersion rheology.

On these grounds, this work aims to assess microstructure and
stability against aggregation of non-aqueous organic dispersions of
styrene-co-acrylonitrile (SAN), sterically stabilized by block copol-
ymer dispersants in a liquid polyether (solvent). To that end, a
comprehensive rheological characterization (by means of steady
and transient flow tests and linear viscoelastic measurements) and
a microstructural study (by SEM microscopy, particle size distri-
bution, etc.) have been conducted on SAN suspensions with
different particle volume fraction, dispersant concentration and
styrene to acrylonitrile ratio. No previous rheological studies,
further related to particle aggregation phenomena, have been
found elsewhere on this kind of non-aqueous polymeric
dispersions.

2. Experimental

2.1. Materials

Monomers such as acrylonitrile and styrene, with assay >99%,
were provided by SigmaeAldrich. The macromonomer was previ-
ously prepared reacting maleic anhydride (assay >90%, Sigma) with
an ethylene oxide-tipped polyoxyalkylene triol having an OH-value
of 36 mgKOH/g and a nominal molecular weight of 4800 (provided
by Repsol Química, Spain), as described in Ranlow et al. [10].

2.2. Preparation of dispersions

Non-aqueous organic dispersions were prepared by free radical
co-polymerization of styrene (SM) and acrylonitrile (AN), to give
styrene-co-acrylonitrile (SAN) in a liquid polyether (solvent). SAN
copolymer is insoluble in the liquid polyether, resulting in its pre-
cipitation and particle formation. This polymerization type is
known as dispersion polymerization. Simultaneously, a block
copolymer dispersant is formed in situ by grafting reaction of a
solvent-type macromonomer or macromere (MM) and styrene-co-
acrylonitrile. Macromers used are in fact polyether (identical or
different to the solvent polyether) with terminal double bonds, able
to copolymerize with vinylic monomers and to form graft species
during the radical copolymerization. The resulting block copolymer
is in fact a non-aqueous dispersant (NAD). Themost used reagent to
generate double bonds, by the reaction with hydroxyl groups, is
maleic anhydride [11]. A detailed description of the preparation of
macromonomers and these dispersions can be found elsewhere
[5,10]. This grafting reaction takes place in the continuous phase
(solvent). Reaction was performed in a semibatch nitrogen-
inertized autoclave reactor at a temperature of 125 �C and under
vigorous stirring. After the reaction period was completed, the re-
action mixture was vacuum stripped, obtaining a white opaque
fluid dispersion product. As a result, the particles were dispersed in
a polyether (the above-mentioned solvent), which is Newtonian in
character, with a molecular weight of 4800 Da and a Newtonian
viscosity of 0.950 Pa s at 25 �C.

In summary, the sterically stabilized lattices used in this study
consist of a non-aqueous continuous phase (a polyether polyol) and
a dispersed phase formed by poly(styrene-co-acrylonitrile) core
particles (SAN), stabilized by a non-aqueous dispersant of the
amphipathic graft-copolymer type, physically adsorbed on the SAN
particle surface. In the grafting processes which take place during
dispersion polymerization, the anchor group must inevitably be
very similar in composition (if not identical) to the disperse poly-
mer, because it is being formed simultaneously. Different disper-
sions have been prepared in this study simply by changing the co-
monomers ratio (styrene to acrylonitrile monomer ratio, SM/AN)
and dispersant concentration (by changing the quantity of macro-
monomer employed). As a result, seven different SAN dispersions
(referred to as A e G) have been prepared according to the same
reaction procedure, covering three different particle volume frac-
tions (0.33, 0.4 y 0.47), different macromonomer (i.e. dispersant)
concentrations (MM) and styrene to acrylonitrile ratio (SM/AN), as
may be seen in Table 1.
2.3. Test procedures

Dynamic viscosity of the samples was determined according to
procedure ISO 3219 using a HAAKE VT-550 viscotester (Germany).
Viscosity determination according to this standard is performed at
25 �C and 25 s�1.

Steady state viscous flow measurements, at 25 �C, were carried
out in a controlled-stress rheometer MCR-501 (Anton Paar, Austria)
using plate-and-plate (smooth) geometry (50 mm diameter, 1 mm
gap) and 180 s of measurement stabilization time. Different sam-
ples were tested with smooth and serrated-surface plates with no
difference in results (no wall slip phenomena were detected).
Additionally, no expulsion of sample was observed at high shear
rate.

Transient viscous flow tests were performed in a controlled-
strain ARES rheometer (TA Instruments, USA) at 25 �C and five
different shear rates in the range 0.03e100 s�1, using two different
geometries: coaxial cylinders (32 and 34 mm rotor and cup di-
ameters, respectively) and a plateeplate sensor system (50 mm
diameter, 1 mm gap). The latter was employed to measure at the
lowest shear rates. No normal stress, which may affect measure-
ments in coaxial cylinders, was detected during flow tests.

Linear viscoelasticity characterization was conducted in a
controlled-stress MARS II Rheometer (Thermo Haake, Germany).
All samples were measured with a plateeplate configuration
(60 mm diameter, 1 mm gap) at 25 �C. Linear viscoelasticity range
was established by stress sweep tests at a frequency of 6.28 rad/s.
Frequency sweep tests were performed on fresh samples in the
range 0.03e100 rad/s at a constant stress within the lineal visco-
elasticity range previously determined. Flow and viscoelasticity
tests were performed in triplicate for each sample.

The particle concentration of prepared dispersions was deter-
mined by H-RMN (Bruker AV500, USA); particle shape was deter-
mined by SEM (FEI Quanta FEG 650, USA); and particle size
distribution was determined by laser diffraction, employing a
Mastersizer 2000 analyzer (Malvern, UK) and ethanol as dispersant.



Table 1
Samples viscous parameters calculated from flow tests shown in Fig. 4.

Sample F (v/v) Macro-monomer, MM (wt. %) SM/AN (wt/wt) hr (Pas) n1 (�) _g1 (s�1) n2 (�) _g2 (s�1)

A 0.33 2.8 2.7 5.0 0.644 1.141 1.032 e

B 0.33 2.8 7 10.5 0.659 0.080 1.220 2.72
C 0.39 1.5 2.7 11.9 0.544 0.165 1.129 60
D 0.40 4 2.7 12.6 0.567 0.429 1.079 56
E 0.39 1.3 2.7 21.5 0.580 0.152 1.311 60
F 0.47 1.5 2.7 23.5 0.460 0.217 1.223 13.9
G 0.47 2.88 2.7 23.6 0.426 0.159 1.132 13

n1 Shear-thinning power-law exponent; n2 shear-thickening power-law exponent; _g1 shear thinningethickening transition critical shear rate; _g2 shear thickeningethinning
transition critical shear rate.
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3. Results and discussion

3.1. Dispersions

Particle concentrations ranging from 35 to 45 wt. % were used in
this study, which result in particle volume fractions between 0.33
and 0.47 (Table 1). Particle shape, size distribution, dynamic vis-
cosity (measured according to ISO 3219) and particle sediment-
ability were initially determined for each dispersion.

The SEM micrograph shown in Fig. 1 indicates the spherical
shape of the particles present in the suspension, so that particle
shape will not affect the flow behavior of these systems discussed
below. Similarly, Fig. 2 and Table 2, show that particle size was less
than 10microns inmost systems studied. Furthermore, particle size
depends on the amount of macromonomer (MM) used in the
synthesis (i.e. on dispersant available) (Table 1). Thus, the more
dispersant available to stabilize particles generated during poly-
merization, the lower diameter of particles and span (poly-
dispersity) of the particle distribution. In this sense, a macromere
concentration above 2.8 wt.% leads to well-dispersed systems (such
as samples A, D and G), which exhibit narrow particle size distri-
butions and the lowest volumetric mean diameters at their corre-
sponding volume fractions, with D [4,3] always below 1 mm,
(Table 2). Small monodisperse particles are related to a thick
dispersant stabilization layer (excess dispersant), so that particles
are generally well stabilized [12]. In addition, dispersant
Fig. 1. SEM image of particles in sample A.
amphipathic character also affects particle size distribution (see
systems A and B in Fig. 2), leading to larger particles and wider
particle size distributions as SM/AN ratio increases from 2.7 to 7
(Table 2). It is worth noting that an increase in SM/AN raises
dispersant-continuous phase affinity due to the less polar character
of the resulting SAN, affecting dispersant interfacial activity.

Relative viscosity, hr, has been calculated by dividing dynamic
viscosity at 25 s�1 (measured according to ISO 3219) by continuous
phase viscosity (Table 1). Fig. 3 shows relative viscosity as a func-
tion of particle volume fraction, f, for each sample. Particle volume
fraction has been calculated directly from analyzed SAN polymer
mass content without considering possible existence of particle
aggregates which increase specific volume due to liquid retention.
Furthermore, increase in the particle volume by dispersant layer
thickness is also neglected, as it is equal in all cases (same “solvent-
like” block for the amphipathic dispersant employed in all sam-
ples). Concentrated suspensions follow the Krieguer and Dougherty
expression [13].

hr ¼
�
1� f

fm

��½h�fm

(1)

where [h] and fm are the intrinsic viscosity and maximum packing
volume fraction of particles, respectively. Calculated experimental
parameters for a small size (<1 mm), well dispersed, narrowly
distributed spherical-like particle dispersion of the type evaluated
(i.e. sample A) were [h] ¼ 2.97 and fm ¼ 0.51. Fitting curve shape
shows that all prepared systems exhibit high particleeparticle
interaction, which will lead to complex rheological responses due
to their proximity to the calculated fm of 0.51. However, disper-
sions B and E significantly deviate from the fitted behavior, showing
poorer results due to their higher viscosity compared to dispersions
with the same particle volume fraction, suggesting extensive par-
ticle aggregation.

Finally, particle settling was determined to be less than 4% by
weight of total sediment measured by gravimetrical analysis of the
residue obtained after ultracentrifugation of each sample at 1340 G
for four hours at ambient temperature (23 �C). Such a result clas-
sified this type of dispersion as highly stable to sedimentation,
focusing only on its aggregative stability behavior. Subsequent
rheological characterization will indicate the cause of the particle
aggregation phenomena, revealing itself as a powerful tool for non-
aqueous sterically stabilized dispersions stability characterization,
allowing proper design of important commercial products.
3.2. Steady viscous flow measurements

Fig. 4 displays the steady viscous flow behavior of the systems
studied as a function of particles volume fraction. All suspensions
show a non-Newtonian response characteristic of the so-called
structured liquids, showing different shear-induced



Fig. 2. Particle size distribution.

Table 2
Particle size distribution: volumetric D [4,3] and Sauter D [3,2] mean diameters and statistical parameters.

Sample D [4,3] (mm) D [3,2] (mm) d (0.1) (mm) d (0.5) (mm) d (0.9) (mm) Span (�)

A 0.239 0.154 0.083 0.193 0.42 1.746
B 1.179 0.488 0.296 0.779 2.032 2.228
C 0.57 0.329 0.154 0.524 1.036 1.683
D 0.233 0.145 0.077 0.18 0.438 2.006
E 0.976 0.307 0.108 0.649 1.415 2.014
F 3.404 0.809 0.345 1.050 9.053 8.293
G 0.806 0.446 0.249 0.504 1.102 1.692
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microstructures (Fig. 4). Typically, a trend to first Newtonian
plateau at low shear rate is followed by the power-law shear-
thinning region, and then by a flattening-out to the upper (second)
Newtonian plateau [13].

The Newtonian viscosity at low shear rate, h0, related to the
material structure at rest, which has not been quantified (torque or
shear rate is probably outside the reliable rheometer torque/
deformation range). However, even qualitatively, it can be seen that
the value of the viscosity varies significantly between samples,
mainly in direct relation to its particle volume fraction, as can be
seen in Fig. 4, e.g. by comparing samples A (f ¼ 0.33), D (f ¼ 0.4)
and G (f ¼ 0.47).

Furthermore, differences in viscosity at low shear rate are
observed for suspensions with the same concentration of particles.
As shown in Fig. 4A, a decrease in SM/AN ratio leads to higher zero-
shear-rate viscosity in suspension A, if compared to suspension B.
Conversely, Fig. 4B shows that h0 increases as macromonomer
concentration (and, therefore, dispersant availability) increases.
Hence, sample D (4% macromonomer) has a higher value than
sample C (1.5% MM) which it is slightly higher than dispersion E
(1.3% MM). Likewise, particle size, inversely proportional to mac-
romonomer concentration, also confirms dispersant availability.
Both lower SM/AN ratio and higher macromonomer concentration
reduce particle size diameter (Fig. 2), promoting particleeparticle
interactions and aggregation at rest, probably related to polymer-
bridging between surface layers of polymer corresponding to the
soluble component of the dispersant graft copolymer. Similar
behavior is found in Fig. 4C, although less apparent likely due to the
higher degree of packing of systems F and G.

Likewise, the same trend is also found in the shear-thinning
zone as shear rate increases. In this region, the flow brings about
a more favorable arrangement of particles where two-dimensional
layered structures are formed rather than three-dimesional ones
[13]. In addition, shear flow fields can break down the aggregates or
flocs, which are restored under quiescent conditions due to the
attractive force field, in addition to Brownian motion [14e19]. As
shown in Fig. 4A for dispersion B, the shear-thinning region has
been fitted to the power-law model, as follows:



Fig. 3. Relative viscosity vs. particle volumen fraction.
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h ¼ k _gn�1 (2)

where n and k are the flow and consistency indexes, respectively.
Calculated exponents of Equation (2) in the first shear-thinning
region (n1) are shown in Table 1. Fig. 5 clearly shows a lineal cor-
relation between the shear-thinning exponents (n1) and particle
volume fraction for the samples studied, as follows:

n1 ¼ �1:5fþ 0:15 (3)

Interestingly, extrapolating the straight line to n ¼ 1 (i.e. up to
the continuous Newtonian phase), particle volume fraction has a
positive value of 0.1 different to the expected value of zero. This
value corresponds to the volume fraction of the adsorbed disper-
sant layer on the particle, as the dispersant continuous phase-like
block is the same in all samples. When particle size is very small
(say < 100 nm) and the stabilizing layer forms a considerable
proportion of the real phase volume, deformable effects showing
viscosity decreasewith nominal particle size can appear [13]. In this
case, calculated dispersant layer volume fraction of 0.1 is smaller
than particle volume fraction of 0.33e0.45, so no deformable ef-
fects of the particle are considered.

A third regime occurs at high particle loading, once f/fm ex-
ceeds 0.5. Here there is minimal room for the particles to move.
Now the particles are not only interacting with each other, but also
they are physically inhibiting the motion of one another. As shear
rate increases, this motion inhibition becomes more limiting and,
therefore, the suspension exhibits a non-Newtonian shear-thick-
ening behavior, i.e. viscosity increases with shear rate [13]. All
samples tested have particle loadings, f/fm, in the range 0.6e0.9
and exhibit shear-thickening behavior. The power-law exponents
for shear-thickening zone (n2), calculated from Equation (2), are
shown in Table 1. In addition, the critical shear rates ( _g1) for the
onset of the shear-thickening zone are gathered in Table 1.
For typical concentrated dispersions, the critical shear rate for

transition to shear-thickening regime ( _g1) is expected to decrease
and the viscosity/shear rate slope (n2) to increase as dispersed
phase volume increases [13]. In this case, there is no relationship
between n2 and particle volume fractions of all dispersions pre-
pared (as previously found for n1). This would be related to the
existence of particle aggregates which increase the effective
dispersed volume fraction. Flow induced aggregation has also been
related to shear-thickening phenomena [13,14].

Thus, in sterically stabilized dispersions, particle aggregation
has to be considered in addition to particle concentration. In this
sense, both dispersant concentration and its amphipathic character
seem to play relevant roles in particle aggregation. On the one
hand, dispersions with lowmacromonomer concentration (C, E and
F) undergo more apparent shear-thickening behavior (higher
values of n2) than dispersions stabilized with higher macro-
monomer concentration (e.g. A, D and G) (Table 1). On the other
hand, sample B, formulated with higher styrene/acrylonitrile
monomer ratio (SM/AN ¼ 7, Table 1), which leads to a less polar
SAN dispersant (closer in polarity to the polyolether of the
continuous phase), undergoes higher shear-thickening than sample
A (with the same f and MM, but a lower SM/AN ratio of 2.7).
Nonetheless, despite the lack of a unique correlation between n2
and f for all dispersions prepared, the above-mentioned well
dispersed samples A, D and G exhibit a typical linear response of
the shear-thickening flow index, n2, vs. particle volume fraction, as
seen in Fig. 5.

Moreover, differences in the critical shear rate for the shear
thinningethickening transition are also observed, with lower
values of _g1 for poorer stabilized samples, e.g. Sample B (Table 1).
The lowest value for this critical point, observed in sample B, relates
to a dispersant weakly adsorbed on the particle surface. Such a



Fig. 4. Steady flow curve of samples with particle volume fraction: A) 0.33; B) 0.4; C)
0.47.

Fig. 5. Shear-thinning (n1) and shear thickening (n2) flow indexes vs. particle volume
fraction.
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weakly adsorbed dispersant would be removed from particle sur-
face as the shear rate rises, involving increased aggregation of
particles with the observed increase in the shear-thickening.

Similarly, samples with a sparse dispersant protective layer (e.g.
C, E and F), derived from the low macromonomer concentration
used, show _g1 values in the range (e.g. F) or lower (e.g. C and E) than
those found for well stabilized samples such as D or G. As a result,
the insufficient dispersant surface coverage would lead to particle
aggregation as the previous case B, but with a different origin. In
this regard, it is worth noting that formation of aggregates after
completion of the flow test was observed with the naked eye for
these samples.

The temperature dependence of the viscosity/shear rate curves
has been studied for dispersion E (Fig. 6). In addition to the ex-
pected decrease in viscosity with temperature, there is an increase
in the critical shear rate for the transition between thinning and
thickening regions ( _g1) and a lower shear-thickening exponent
(n2). Table 3 shows a linear relationship between the critical tran-
sition shear rate and temperature and n2. This behavior is in
agreement with flow limitation that occurs at high shear rate in
concentrated suspensions, causing shear-thickening behavior, and
would be related to the decrease undergone by the dispersion
continuous phase with temperature. According to Barnes [13], the
viscosity of the continuous phase (in addition to the particle size)
plays a very important role in the development of a shear-
thickening behavior, so that a decrease in this viscosity increases
the critical shear rate for the onset of shear-thickening.

Finally, viscosity decreases at higher shear rate, once over-
coming the shear-thickening zone, giving rise to a second shear-
thinning region (Fig. 4). A critical shear rate ( _g2) for the transition
from shear-thickening zone to second shear-thinning-region has
been estimated (Table 1). Those dispersions previously considered
as well dispersed samples (A, D, G) show a correlation between
particle volume fraction and the shift of the critical shear rate, as in
the previous case for thinningethickening transition. No transition
was observed in the case of lower particle fraction of 0.33 (sample
A), and a decrease of critical shear rate was observed for increasing
particle volume fraction from 0.4 (sample D) to 0.47 (sample G).
Samples previously characterized by a sparse dispersant protective
layer (C, E and F), show similar behavior to the corresponding
properly stabilized pairs (D and G). However, significant differences
are observed in shear rate _g2 for sample B with a weakly adsorbed
dispersant protective layer. This sample shows the lowest critical
shear rate for the transition according to the postulated phenom-
enon of dispersant desorption with increasing shear rate.
3.3. Transient flow measurements

Transient flow assays conducted on samples B and F are shown
in Fig. 7. At low shear rates within the above-described shear-
thickening region, from 0.08 to 2.72 s�1 in sample B and from 0.217
Fig. 6. Effect of temperature on the viscous behavior of Sample E.



Table 3
Shear-thickening temperature dependence of Sample E.

Temperature (ºC) _g1 (s�1) n2 (�)

23 0.025 1.153
60 1.55 1.091
95 3.87 1.091

Fig. 7. Transient flow behavior of: A) Sample B; and B) Sample F.
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to 13.9 s�1 in sample F (Table 1), Fig. 7A and B reveal anti-
thixotropic behavior. Thus, viscosity slowly increases up to an
equilibriumvalue or steady viscosity, reached after prolonged shear
time. Alternatively, a maximum in viscosity is observed at inter-
mediate times and then a decrease in viscosity (thixotropic
behavior). Such pseudo steady conditions arise from a dynamical
equilibrium established between breakdown and reformation of
the aggregates [20]. At this point, the aggregates reach a maximum
stable (or mean equilibrium) size [14]. This steady state size (and
the number of particles per cluster) can be predicted, either from
the balance between aggregate cohesion and flow related stresses,
or from competition between aggregation and fragmentation dy-
namics [21]. Either way, the equilibrium viscosity trend with shear
rate follows the same shear-thickening behavior observer in
viscous tests.

On the other hand, the transient flow behavior at shear rates
close to the second shear-thinning region (e.g. 100 s�1 in Fig. 7B) is
characterized by significant fluctuations in viscosity. Such unstable
flow conditions are compatible with the formation and destruction
of macroaggregates, visually observed at the end of measurements.
In general, the greater the instability the greater is the trend to
particle aggregation, which may be related to the presence of the
aforementioned weak macrostructures in the dispersion.
3.4. Linear viscoelasticity measurements

Fig. 8 shows the linear viscoelastic frequency sweep tests con-
ducted on dispersionwith particle volume fractions of 0.33 (Fig. 8A)
and 0.47 (Fig. 8B). As may be seen, a comparison between samples
A and G clearly shows that the increasing particle concentration
leads to G0 > G00 at low frequencies. Aggregation of colloidal parti-
cles typically leads to the formation of highly branched fractal flocs,
called clusters [14]. At low particle concentrations, clusters are not
interconnected and the suspension remains liquid-like (Fig. 8A), or
weakly elastic with no yield stress [22]. In contrast, above a critical
concentration called the percolation threshold or gel point fg [23],
clusters are interconnected into a network, and the system be-
comes solid-like, with yield stress and elastic moduli increasing
with f. In the former case (f<fg), rheological properties are
dominated by the discrete aggregates, while in the latter case
(f>fg) mechanical properties of a continuous network are probed
[22]. High concentration dispersions F and G, exhibit solid-like
behavior at low frequencies, and the trend to a so-called apparent
yield stress in the logelog plot of shear stress vs. shear rate (data
not shown). Both rheological responses suggest reversible gelation
in which particles stick together rather weakly to form a transient
network having some of the connectivity and viscoelastic proper-
ties of a weak gel-like solid [24].

On the other hand, dispersant characteristics and its concen-
tration further affect viscoelastic behavior of these systems.
Regarding the dispersant amphipathic character (Fig. 8A), sample B
shows remarkable fluid-like behavior (i.e. a predominantly viscous
character in the whole frequency range, G0<< G00), unlike sample A
that exhibits critical gel viscoelastic behavior (G0zG00) over a wide
frequency range (Fig. 8A). Dispersion B (formulated with a higher
SM/AN ratio) is characterized by a weak adsorption of the disper-
sant on the surface of the particles and larger particle sizes, which
would contribute poorer elastic characteristics, if compared to
system A. As for dispersant concentration, Fig. 8B shows predom-
inantly elastic characteristics al low frequency for both systems
formulated with high f values. Nonetheless, sample G stabilized
Fig. 8. Linear viscoelastic frequency measurements of sample with volume fraction: A)
0.33 and B) 0.47.
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with higher a macromonomer concentration exhibits a wider re-
gion with G0>G00 than sample F, stabilized by a sparse dispersant
layer. Hence, the observed an increase in the crossover frequency
between G0 and G00 would arise from the lower particle size and
better stabilized particle surface present in sample G. This result
indicates the effect on compression and interpenetration of the
steric barriers as the particles come into close proximity. The
entropic effect of steric barriers compression or interpenetration,
which occurs in concentrated particle dispersions (sterically sta-
bilized), is expected to manifest itself as an elastic contribution in
the rheological response [25].

4. Concluding remarks

Steady viscous flow tests have revealed to be the most powerful
tool for the characterization and stability assessment of the type of
dispersion considered. All suspensions show a non-Newtonian
response characteristic of the so-called structured liquids,
showing a trend to low shear rate Newtonian plateau followed by
different shear-induced (shear-thinning and shear thickening) re-
gions. An increase in dispersion volume fraction and dispersant
concentration (or a decrease in SM/AN ratio) lead to more viscous
suspensions at low/medium shear rates. Regarding the first shear-
thinning region found, thickness of the adsorbed layer could be
measured indirectly by linear relation of shear-thinning power-law
exponent, n1, versus particle volume fraction for the same type of
dispersion.

Regarding dispersion stability, particular attention should be
paid to the development of shear-thickening phenomena, related to
flow-induced particle aggregation. In this sense, dispersions with
poor coverage by a low dispersant block polymer concentration
(e.g. systems C,E F) show an increase in the shear-thickening flow
index (n2), which deviates from the linear response found for the
well-dispersed systems A, D and G as a function of particle con-
centration. Likewise, a weakly adsorbed dispersant (e.g. in sample
B) results in an increase in the shear-thickening slope starting at
lower critical shear rate ( _g1). This behavior would be related to a
shear-induced dispersant removal from the particle surface, lead-
ing to critical aggregation of particles. Poor stability of dispersed
particles is also characterized by transient flow analysis, where
formation and destruction of aggregates lead to significant fluctu-
ations in viscosity.

Particle volume fraction, dispersant characteristics and its con-
centration also affect viscoelastic behavior of these systems.
Enhanced elastic behavior may be found by either increasing
dispersion volume fraction or dispersant concentration. Similarly,
an unsuitable amphipathic character of the block copolymer
dispersant may lead to systems (e.g. dispersion B) with apparent
fluid-like behavior (i.e. a predominantly viscous response, G0<< G00)
over the whole frequency range.

On the whole, these results indicate the use of rheological
characterization is a powerful tool for stability testing and disper-
sant design of sterically stabilized non-aqueous polymer
dispersions.
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