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Abstract: The viscous flow behavior of a 12.5 vol% hydrophobic fumed silica (Aerosil® R816) suspen-
sion in polypropylene glycol of low molecular weight (PPG400) was studied in a stress-controlled
rheometer. The steady flow curve showed shear thickening between two shear thinning regions.
Time-dependent viscosity response provoked by step changes in shear stresses corresponding to the
shear-thickening region apparently agrees with thixotropic behavior just after the very initial stages
are surpassed. Almost instantaneous jamming can justify misinterpretation of the results.
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1. Introduction

When shear steps are applied on time-dependent viscous (TDV) fluids, steady states
are reached with some delay. In addition, it is experimentally observed that the time
necessary for a TDV fluid to achieve the steady state depends on the magnitude of the
imposed shear [1]. Inelastic thixotropic and anti-thixotropic fluids belong to the category of
purely TDV fluids. In accordance with the accepted definitions, the viscosity of thixotropic
materials decreases with time when they are sheared at constant shear, followed by gradual
recovery when shear is removed [1,2]. On the other hand, anti-thixotropic materials must
exhibit an increase of the viscosity with time under constant shear [3], followed by gradual
decrease of the viscosity when shear is removed. It is worthy to note the necessity to
confirm the reversibility condition in both cases. Alternative definitions of thixotropy
and anti-thixotropy establish that for a step change in shear rate (stress), thixotropy leads
to a gradual change in stress (shear rate) in the opposite direction of the jump, whereas
anti-thixotropy leads to a gradual change in stress (shear rate) in the same direction [4].
Rheological behaviors are macroscopic manifestations of changes provoked by the action
of external stresses on the microstructure of fluids. Specifically, the macroscopic viscous
behavior of inelastic time-dependent fluids is associated with shear- and time-dependent
changes in microstructures, such as was justified long ago by Ostwald when he studied the
viscosity changes of colloidal dispersions [5]. In the case of TDV behaviors, shear work done
on the material must lead to both breakdown and buildup of microstructure. Therefore,
spontaneous buildup or breakdown due to Brownian motion must be respectively expected
upon cessation of shear [6,7]. Note that the elastic deformation of microstructure is explicitly
neglected in the definition of pristine TDV behaviors. A large number of products, such as
foodstuff, personal care products, paints, fresh cement, adhesives, crude oils, natural and
drilling muds, slurries, and various colloidal suspensions are some examples of fluids in
which TDV behavior can be measured [8-11].

Suspensions of solid particles in Newtonian fluids have been widely used to model the
rheological behavior of complex fluids [12,13]. The reason for this choice is founded on the
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fact that the addition of particles to liquid media can effectively change mechanical proper-
ties of the system thanks to the development of undefined microstructures [14]; i.e., a variety
of non-Newtonian behaviors can be observed due to the presence of a solid dispersed
phase in a Newtonian fluid [15], in particular, TDV behaviors. Colloidal forces, Brownian
motion, and hydrodynamics interactions between particles are physical mechanisms that
justify the microscopic origin of non-Newtonian behaviors in colloidal suspensions. At
rest, particles tend to form aggregates when colloidal attractive forces (van der Waals)
dominate, but they stay dispersed if colloidal repulsion (electrostatic or steric) dominates
over attractive forces. In the quiescent state Brownian motion plays a double antagonistic
role breaking aggregates but also favoring particle-particle contacts that can eventually
lead to aggregation. In addition, particle aggregates can be broken (shear-thinning) or built
(shear-thickening) by increasing shear [16]. It seems reasonable to assume that breaking
processes should govern the evolution of the microstructure with increasing shear when,
at rest, particles form aggregates. In this case, the viscosity will reach lower equilibrium
values by increasing shear. On the other hand, when the suspension at rest is characterized
by dispersed particles, increasing shear should lead to microstructure building. Then, in
this last case, increasing shear should give place to the formation of particle aggregates
and the corresponding increase of the steady viscosity. These mechanisms must result
in shear-thinning and shear-thickening behaviors, respectively, as well as in thixotropy
and anti-thixotropy if the changes experienced by the microstructure at each specific shear
are reversible and relatively slow compared to the time necessary for the elastic recovery
of the microstructure [17]. Even though the definitions of these four viscous behaviors
(shear-thinning, shear-thickening, thixotropy, and anti-thixotropy) seem clear and unam-
biguous, some confusion is observed when they are experimentally checked. For instance,
thixotropic or anti-thixotropic behavior observations are frequently assumed without clear
confirmation of reversibility condition [18-20]. Moreover, shear-thinning/thixotropy and
shear-thickening /anti-thixotropy assumed relationships [21,22] have been confirmed only
in some systems [23]. Then, it is reasonable to expect that the study of TDV behaviors is
nowadays an active research field despite being a classical branch in rheological science.

Silica nanofluids show a variety of non-Newtonian behaviors. Modifying the hy-
drophobic/hydrophilic nature of particle surface and the polarity of the liquid phase,
shear-thinning and shear-thickening behaviors can be observed. Hydrophobic fumed silica
suspensions in polypropylene glycol of low molecular weight (PPG400) show a complex
viscous behavior, shear-thickening between two shear-thinning regions [23,24], which
makes this system specifically interesting for the study of thixotropy/shear-thinning and
anti-thixotropy /shear-thickening relationships [23]. Fumed silica are amorphous non-
porous silica prepared by flame hydrolysis of SiCly. This solid phase is hydrophilic in
nature due to the presence of silanol groups (5i-OH) on its surface. However, a chemical
post-treatment step can convert the particle surface into a hydrophobic one. Specifically,
hydrophobic particle surfaces (Aerosil®R816, EVONIK, Germany) can be obtained when
hexadecyl groups (-C16H33) are attached to the surface of hydrophilic silica particles
(Aerosil®200, EVONIK, Germany). In this case, since alkyl groups appears to be straight
and extended when they are immersed in PPG400 [25], silica particles repel one another
by steric interactions. These repulsive interaction forces between particles can balance
hydrodynamic forces during flow causing relatively slow changes in microstructure, which
allows observing time-dependent viscosity with shear step tests.

In this work, transient viscous shear behavior (stepwise tests) of hydrophobic fumed
silica (Aerosil® R816) suspensions in PPG400 were studied with the aim to check TDV
behaviors relationships.

2. Materials and Methods
2.1. Materials and Sample Preparation

Commercially available hydrophobic fumed silica, Aerosil® R816 (EVONIK, Ger-
many), were used as the solid phase. The specific surface area BET of the silica particles



Processes 2021, 9, 807

30f13

is 190 & 20 m? /g and their primary spherical size is 12 nm. The continuous phase was
polypropylene glycol (HO—-(CH,-CH(CH3)-O),—H) with an average molecular weight of
400 g/mol (PPG400) (Sigma-Aldrich Chemical GmbH, Germany). This is a low-viscosity
Newtonian media having, under ambient conditions, a viscosity of 100 mPa-s.

The suspensions were prepared by adding the liquid to the silica and then mixing in a
stirrer for 10 min at 796 rpm. These parameters were determined as the minimum mixing
time and velocity required to ensure good dispersion. Samples with a solid volume fraction
of ¢ = 0.125, which corresponds to 24 wt%, were placed in a vacuum and a sonication
device at room temperature for about 1 h in order to remove air bubbles. Afterwards,
samples were placed to rest for 12 h in an airtight plastic bottle.

2.2. Rheological Experiments

Rheological measurements were performed on a stress-controlled rheometer (HAAKE
MARS, Thermo Fisher Scientific, Germany) using control stress shear mode (CS). This
choice was based upon the fact that microstructure changes are due to stresses action
rather than rate of deformation activity, and also due to the fact that for transitory studies
it is advisable to use CS mode when the rheometer is a stress-controlled type [26]. A
cone-plate (CP) geometry with a cone angle of 1° and a diameter of 20 mm was used for all
experiments. A Peltier temperature control system was used to keep the temperature of
the plate at 25.0 £ 0.1 °C.

Since wall slip can be specifically apparent in suspensions [27], the absence of these phe-
nomena was first checked following the method proposed by Yoshimura and Prud’homme [28].
Results were compared with those obtained using a 25 mm diameter plate-plate (PP) ge-
ometry considering two different gap heights. According to the method, the slip velocity
vs can be determined from the flow data for two different gaps,

_ Yr1(TR) — 7R2(TR)/ )
2(h - %)

where g, and ‘R, are the shear rates at the rim of the plates separated by a height H;
and Hj, respectively. Therefore, the absence of wall slip is established for the PP geometry
if g1 and g, are coincident in the whole interval of the stresses evaluated. As seen in
Figure 1, flow curves coincide for all stress values, indicating that wall slip is absent.
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Figure 1. Steady flow curve of 24 wt% hydrophobic fumed silica R816 in PPG400 suspensions
obtained using CP (20 mm/1°) and PP (25 mm and two gaps, 0.5 and 1 mm) geometries. The
coincidence of shear rates at the different shear stress values imposed to the sample is an indication
of absence of wall-slip according to the prediction of Equation (1).



Processes 2021, 9, 807

40f13

All samples were pre-sheared in order to erase any previous shear history associated
with the placement of the sample in the rheometer and ensuring the reproducibility of
results. So, before each experiment a pre-shear of 50 Pa was applied up to an equilibrium

state (% < 0.0lforlOs) was achieved. Then, the sample was kept at rest for 1600 s,

which was the period of time for gaining the maximum equilibrium structure [29], as it is
described below.

2.3. Resting Time

After the pre-shear stage and before rheological tests were performed, samples were
kept at rest the minimum time interval that was necessary to obtain the most developed
equilibrium structure. The minimum resting time was obtained by applying a small
amplitude oscillation to samples and following the evolution with time of the elastic
modulus (G’). According to Raghavan and Khan [29], the values of G” during the recovery
stage is characteristic of the strength of the microstructure present in the suspension. Using
low amplitude oscillatory shear, the microstructure does not break appreciably during the
measurement. Therefore, the results obtained in this way mainly express structural build
up at rest.

It can be seen in Figure 2 that, for the R816/PPG400 suspension, around 1600 s are
necessary to develop its maximum at-rest-microstructure. Beyond this time interval, the
values of G’ remain approximately constant. In other words, the size of the agglomerates
of Aerosil®R816 particles in PPG400 achieved the biggest value after 1600 s of rest. It is
worthy to note that the difference between G’-values at t = 0 and ¢ = 1600 s is less than
6 Pa, which is a clear indication of the low particle aggregation level that the suspension
achieves at rest. This is, by the way, a well-established condition for the shear-thickening
observation in concentrated suspensions [30]. It is also worthy to note that the solid volume
concentration of R816/PPG400 suspensions used in this study is relatively small (12.5 vol%)
when is calculated assuming that silica particles are Euclidean. However, it is well known
that fumed silica particles form fractal opened loose aggregates [31], which means that the
effective solid volume fraction must be higher than the Euclidean value [32].
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Figure 2. Structural recovery of the suspension at rest after pre-shearing. Oscillatory test at low strain
(0.5%) and a frequency of 1.0 Hz.

2.4. Limit of Reversibility

In order to determine the maximum stress value that suspension microstructure can
support without showing irreversible variation of rheological parameters, the samples
were sheared at 50 Pa until the steady value in the apparent viscosity (19) was achieved
and, after this, a stepwise in stress was applied at different shear stress values (7; = 250,
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500, 1000, 2500, 5000, 10,000 Pa) during 180 s. Subsequently, samples were sheared at 50 Pa
again until 779 was finally reached. The limit of reversibility of samples was determined
comparing the apparent viscosity steady values reached before and after being sheared at ;.
The maximum value of T; after which samples were able to recover at least 90% of #y, was
accepted as the limit of reversibility. Figure 3 shows that Aerosil® R816/PPG400 suspension
was reversible at least up to 10,000 Pa. The limit of reversibility test also allows verifying the
reversibility condition demanded for the thixotropy and antithixotropy behaviors studied
in this work.
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Steady viscosity at 50 Pa (Pa-s)

©
a

100 1000 10,000
Previous shear stress (Pa)

Figure 3. Steady viscosity at 50 Pa of the R816/PPG400 suspension after sheared at different
stresses. The figure shows the microstructure of the sample maintains reversible when is stressed at
7; < 10,000 Pa.

Summarizing, the protocol for the rheological experiments that we have performed
consisted of three stages. The pre-shear was followed by a rest period and, finally, by the
rheological test itself. In the next section, the results of steady and transient experiments
are presented and discussed.

3. Results and Discussion
3.1. Steady Shear Experiments

Steady flow curves were obtained by applying to samples a sweep of discrete shear
stresses. The results are shown in Figure 4 as steady apparent viscosity vs. shear stress
plot. Each experimental point is the average of three measurements and was recorded
after the sample achieved steady state condition, i.e., A < 0.01 for 10 s at each shear
stress value. As it can be seen, the suspension exhibits shear-thickening behavior between
two shear-thinning regions. This complex rheological behavior has been observed in
suspensions of both, hydrophilic and hydrophobic fumed silica particles, dispersed in
a variety of polar organic liquids such as polypropylene glycol and glycerol [24,33,34].
Although the second shear-thinning region could be in general the consequence of slip
when the suspension shows solid-like behavior at the end of the shear-thickening region,
this possibility was rejected in this particular case comparing results obtained with different
geometric conditions (see materials and methods part). The onset of the shear-thickening
behavior appears at a critical shear stress 7. = 50 £ 2 Pa and finishes at a maximum shear
stress T, = 11,000 &= 1600 Pa. The increase of the apparent viscosity over a critical shear
stress would indicate that the dispersion was previously non-aggregated [30,32]. This idea
could be confirmed by the fact that, as it has been pointed out [25], Aerosil® R816/PPG400
suspensions should be non-aggregated at rest because the chemical affinity of the alkyl
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chains covering the particles for solvents of low polarity, such as PPG400 is, allows the alkyl
chains to be straightening, increasing thus the steric repulsion between particles. At stress
values in the shear-thickening region (7. < T < T,,) the hydrodynamic drag force leads
particles to approach one another, overcoming repulsive forces and forcing the formation of
hydroclusters [35,36]. The difficulty of particles to move around each other in the clusters,
because of lubrication forces, results in a higher energy dissipation and thus a marked
increase of viscosity must be observed [36]. Confirming the existence of this mechanism for
the observation of shear-thickening behavior in silica suspensions, hydroclusters formation
has been directly observed with ultra-small angle neutron scattering (SANS) technique
for colloidal suspensions of silica particles in polyethylene glycol [37] and with confocal
microscopy for suspensions of silica spheres in water-glycerin mixtures [38]. In addition,
an activation energy approach for viscous flow has confirmed the hydroclusters formation
mechanism as the cause for the observation of shear-thickening behavior in R816/PPG400
suspensions [39].
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Figure 4. Variation of steady apparent viscosity with shear stress of the R816/PPG400 suspension.

As it was pointed out before, the description of the viscous behavior of time-dependent
fluids has been done in terms of the evolution of the internal microstructure that forms with
the shear flow [5]. It is reasonable to expect that different structural levels be are achieved
depending on the shear intensity. Cheng [40] proposed a rheological method to compare
the microstructure strength achieved by the fluid at different shear stress values. As it is
shown in Figure 5, Cheng’s method consists of applying consecutive step changes in stress
from an equilibrium state (qu) to different stress values (13, k=1, ..., n) and recording
the peak values in viscosity (1, k =1, ..., n). In this way, the steady microstructure
corresponding to different 7.;-values can be characterized. Each step must be applied just
after the same reference steady viscosity value (77¢;) is reached. In this way, initial viscosity
values (77;) corresponding to each T refer to the same internal structure, which is formed
when the steady state is achieved from the application of ;. Therefore, a series of different
constant structure curves can be obtained by plotting 1, versus T for several 7;-values.
Constant structure curves overlap when suspensions are non-aggregated. On the contrary,
the dependence of the viscosity peak values with 7, is an indication of the existence of
aggregates [24,41,42].
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T3

Figure 5. Schematic representation of step changes in a shear stress experiment to obtain constant
structure curves of the suspension.

Figure 6 exhibits constant structure curves of R816/PPG400 suspension corresponding
to the reversible shear-thickening region. As can be observed, there is a strong dependence
of viscosity peak values with 7. This is evidenced by the non-concurrence of the curves
after a perturbation stress of 1000 Pa (the apparently coincidence of the curves below
1000 Pa is due to the difficulty of discerning peak values of viscosity when relatively
small stresses are applied). For low values of 7;, Figure 6 shows high viscosity peak
values. It is reasonable to think that at low values of 7,4, but belong to the shear-thickening
region, the internal microstructure consists of hydroclusters small enough to give place
to relatively low steady viscosity values (Figure 4). Thus, and according to which was
postulated by Raghavan and Khan [29], once the stress is suddenly increased, starting
from a state in which small hydroclusters are built, particle reorganization must lead to a
higher number of links among the small hydroclusters. This fact results in the formation
of comparative large new hydroclusters and, consequently, to the observation of a higher
viscosity due to enhanced distortion of the flow field and more amount of liquid phase
entrapped into the opened hydroclusters. Moreover, viscosity values (Figure 6) indicate that
hydroclusters become bigger when T increases. Therefore, the structural state existing at
each equilibrium state affect the subsequent formation or disruption of new hydroclusters,
depending on whether the perturbation step is up or down. These results indicate that in
R816/PPG400 suspension hydroclusters form with different sizes depending on the stress
applied in the shear thickening region. This result agrees with what is expected [42] but
is contrary to what was found by Galindo-Rosales et al. [24] (10 wt%). In that case, the
control rate mode was used instead of the control stress mode, and the constant structure
curves corresponding to the shear-thickening region overlapped. These results on dilute
and concentrated R816/PPG400 suspensions suggest that the hydroclusters size in dilute
suspensions did not vary significantly when the shear rate increased opposite to what
happens in more concentrated suspensions.
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Figure 6. Apparent viscosity as a function of steps in shear stress. The figure shows a series of
non-overlapped constant structure curves of R816/PPG400 suspension.

3.2. Step Experiments

It is widely known that suspensions of fumed silica show thixotropic behavior [43-45]
due to percolation of particles. Since Aerosil® R816 in PPG400 exhibits shear thickening
behavior, we were motivated to think that this suspension would exhibit anti-thixotropic
behavior in the shear-thickening region, according with what has been explicitly suggested,
for example, by Barnes et al. [17]. Anti-thixotropy or negative thixotropy implies a re-
versible and gradual increase with time of the viscosity when the shear rate (or shear stress)
is suddenly increased [2]. We have studied viscous time-dependent behavior by tracking
the response of sample resulting from stepwise changes. This procedure has already been
used in earlier rheological studies on anti-thixotropy [46,47] because adapt right-well to
the definition. The rheological test consisted of two consecutive shear stress steps within
the reversible shear-thickening region. This is the best option for this kind of studies when
a control stress rheometer is used [26]. The sample was initially sheared at the critical shear
stress (7. = 50 Pa) with the aim of completely breaking the structure, considering the fact
that this stress value is not only the onset of shear-thickening behavior but also the end of
the first shear-thinning region. Once the steady state was achieved with enough application
of this initial shear stress, a shear step was applied at higher stresses (7; = 350, 1000, 5000
and 10,000 Pa). It is expected that this mechanical test gives place to a more structured
material, what can be evidenced noting an increase with time of the apparent viscosity
of the suspension. Therefore, during step-up tests, the suspension should progressively
evolve from a completely disaggregated structure, provoked by shearing the sample with
the stress value corresponding to the end of the first shear-thinning region, to an aggregated
structural state due to the formation of hydroclusters. Additionally, step-down experiments
were also performed. The sample was initially sheared at T = 8000 Pa until reaching an
equilibrium state consisting of a remarkably structured state due to the relatively big size
the hydroclusters reach when shear stresses of the shear-thickening region are applied.
Afterwards, steps to lower stresses (7; = 350, 1000 and 5000 Pa) were applied to the sample.
In this case, it is expected that the suspension evolves toward a less aggregated state
because the size of the hydroclusters logically should decrease.

However, opposite to what has been described, results for step-up experiments in
the shear-thickening region, Figure 7, show a decrease in the viscosity response to a new
equilibrium value, which is typical of a thixotropic behavior. As it can be seen, the difference
between the steady viscosity value at the end of the initial shearing (50 Pa) and the first
measured viscosity value when the step-up is applied, is higher when the final shear stress
is higher. Additionally, it was observed that the steady shear viscosity value is achieved
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later the higher the shear step-up is. The continuous decrease of viscosity with time when
stress increases is apparently contrary to what is assumed for shear-thickening materials
and was confirmed elsewhere for this material [23]. An explanation for this unexpected
result is proposed as follow. The “instantaneous” increase of the viscosity could be possibly
due to an extremely fast hydroclusters formation (jamming) just when a step-up in shear
stress, corresponding to the shear-thickening region, is applied. On the other hand, an
erosion process that makes the initial hydroclusters size, could justify the subsequent
viscosity decreases with time. In other words, the initial large size of hydroclusters that
result for the action of the step-up in shear stress, trends to maintain while the constant
shear stress is continued. However, they progressively erode by the action of Brownian
forces until reaching its final equilibrium size, exhibiting the suspension a monotonic
decrease with time of the viscosity, that can be erroneously interpreted as a thixotropic
behavior. To evaluate the duration of the jamming process, the characteristic time (fs)
representing the shear action that provokes the fast (“instantaneous”) hydroclusters initial
formation has been estimated with the inverse of the shear rate,
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Figure 7. Time response of apparent viscosity to steps-up in shear stress. The initial shear stress corresponds to 50 Pa.
(a) 7; =350 Pa; (b) T; = 1000 Pa; (c) T; = 5000 Pa; (d) 7; = 10,000 Pa.

Using initial viscosity values shown in Figure 7, an extremely low average shear time
value t; = 23 £ 3 ms was obtained, i.e., the jamming process is very fast. The question still
opened is to find reasons for such a fast particle jamming or initial hydroclusters formation.
Elsewhere [23] we could confirm that the viscosity continuously increases with time (anti-



Processes 2021, 9, 807

10 of 13

Apparent viscosity (Pa-s)

thixotropy) when measurements of the viscosity were recorded at times lower than 1 or
2 s. The subsequent decrease of the viscosity with time, which, on the other hand, can be
confused with the thixotropic behavior of shear-thickening suspensions, put in evidence
that TDV measurements should be scrupulously designed to avoid misinterpretations.

The characteristic time for the Brownian effect in the variation of the microstructure,
which is the cause for the erosion of hydroclusters according with our hypothesis, must
results from the combination of mean displacement and Stokes-Einstein equation for
particle diffusion [48],

3
= S @

where 7 is the viscosity of the suspension, k is the Boltzmann constant, d is the particle
diameter, and T is the absolute temperature. A useful expression can be obtained from
the ratio of both characteristic times as it explicitly depends on the final shear stress value
imposed with a step-up test,

tg  3mtd®
B2 4
ts 2kT @
For the case of 100 nm fumed silica particles at 25 °C, we get:
tp
— = 1157 5)
ts

where T is expressed in Pa. Therefore, substituting the values 7; = 350, 1000, 5000, and
10,000 Pa in Equation (5), it is obtained (5 /ts = 403, 1150, 5750, and 11,500, respectively)
that the higher the shear stress value applied with the step-up test the slower the diffusion
of particles, according with was experimentally observed.

On the other hand, step-down experiments showed a discontinuity in the response
followed by a gradual, although slight, increase in the viscosity value (Figure 8), which
also reminds of thixotropic behavior. Note again that the data were recorded as per
usual, after lapsing high time intervals compared to the characteristic time for shear action
(Equation (2)). When shear stress abruptly decreases (step-down), repulsive steric forces
must overcome hydrodynamic ones, which should lead to hydroclusters disaggregation
and the decrease of viscosity (anti-thixotropy). This was observed elsewhere [23] when
the variation of the viscosity was recorded during the first-time intervals of a few seconds.
However, according to the observations (Figure 8) and opposed to what was expected,
hydroclusters’ size slightly increased towards a final equilibrium size just when the step-
down test was applied. Therefore, it was observed that Brownian thermal diffusion was
not relevant in the variation of hydroclusters size.
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Figure 8. Time response of apparent viscosity to a step down in shear stress. The initial shear stress corresponds to 8000 Pa.
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The overall conclusion of these experiments is that shear-thickening suspensions can
show apparent thixotropic behavior due to the fact that the formation of hydroclusters is
virtually “instantaneous” (jamming) when a sudden step-up shear stress is applied, and it
is followed by a progressive erosion of the hydroclusters due to Brownian thermal diffusion
until the steady hydroclusters size is finally achieved. Apparent thixotropic behavior is
also observed with step-down tests, although the effect is less visible because the final size
of the hydroclusters is almost instantaneously reached.

4. Conclusions

In this work, we studied the transient viscous behavior of 24 wt% (12.5 vol%) Aerosil®
R816 suspensions in polypropylene glycol (400 g/mol) at 25 °C, using stress-controlled
rotational rheometry. Steady experiments show shear thickening behavior over a critical
shear stress (50 Pa) and until a maximum shear stress value (11,000 Pa).

Referring to the reversible shear-thickening region, the application of stepwise in
stress tests, allowed us to conclude that:

e  The steady viscosity response depends on the previous state of aggregation, indicating
the existence of aggregates (hydroclusters) in the suspension at rest;

e  The suspension showed apparent thixotropic behavior in the shear-thickening region,
contrary to what has been usually assumed. This result can be justified by the fast
hydroclusters formation due to step-up in shear stress followed by the erosion of these
aggregates caused by Brownian thermal diffusion of silica particles.
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