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Abstract
Shear thickening fluids (STFs) are smart materials that change from liquid to solid reversibly when undergoing critical stresses.
These materials are good alternatives to improve applications where energy dissipation is important, for example, in the fabri-
cation of liquid body armor and shock absorbing protective gear. However, as much as it is known about the effect of several
variables on their properties, such as particle concentration and medium viscosity, the stability of these colloidal dispersions over
time and over shearing is not yet well understood. The development and design of new applications depend on predicting for how
long the material will keep its properties. In this project, we studied the influence of fumed silica content, ultrasonication energy
used during dispersion of the silica particles, and humidity during storage to analyze the changes in properties of STFs. The
influence of shearing magnitude on their properties was also studied. STFs with higher amounts of silica and produced using less
dispersion energy showed the highest viscosity peak on initial tests, but they were also the least stable over time, due to
flocculation of the particles. In stable samples, water absorption led to a large loss of maximum viscosity. The presence of
humidity on samples diminished the overall viscosity, but did not prevent the sample from becoming a gel if the parameters used
resulted in an unstable STF. Shearing the STF reduced its maximum viscosity, being more evident in samples with higher
viscosity.
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Introduction

Shear thickening fluids (STFs) are smart materials that show a
steep increase in viscosity when undergoing critical shear
rates. This discontinuous, nonlinear increase in viscosity ele-
vates the energy required for the material to flow, causing it to
change its apparent behavior from a liquid to a solid, revers-
ibly (Barnes 1989; Mewis and Wagner 2012). STFs are gen-
erally obtained from concentrated colloidal suspensions. The
shear thickening phenomenon was initially considered a prob-
lem in industrial processes where variations in the shear rate in
the fluid caused by equipment or variations in pipe diameter
resulted in increased fluid viscosity, jamming pipes, and

breaking equipment (Barnes 1989). It was later observed that
this increase in the viscosity of the fluid results in good energy
dissipation properties. Thus, several studies began to be de-
veloped where energy dissipation plays a fundamental role
using STFs. Most studies started testing properties of Kevlar
fibers impregnated with STF, such as resistance to bullet and
stab penetration and impact dissipation in body armor. One of
the big advantages of using STFs in Kevlar body armor is that
it can obtain the same or better properties than neat Kevlar, but
using fewer layers of fabric, resulting in lighter and more
flexible vests (Lee et al. 2003; Egres et al. 2005; Song et al.
2011; Lee et al., 2013; Khalili et al. 2015; Gürgen and Kuşhan
2017). Different explanations have been proposed on why
discontinuous shear thickening (DST) occurs. One of the first
models proposed an order-disorder transition in the particles.
In this model, as external stresses are applied, the particles
rearrange, generating normal stresses through the fluid, caus-
ing the material to exhibit a rigid behavior and resulting in an
abrupt increase in viscosity (Hoffman 1972, 1974, 1982,
1998; Mewis and Wagner 2012). Later, it was shown that this
phenomenonmay occur, but it is not exclusively necessary for

* Danilo Justino Carastan
danilo.carastan@ufabc.edu.br

Daniel Alves Heinze
daniel.heinze92@gmail.com

1 Engineering, Modeling and Applied Social Sciences Center (CECS),
Federal University of ABC, São Paulo 09210-580, Brazil

https://doi.org/10.1007/s00397-020-01216-6
Rheologica Acta (2020) 59:455–468

/Published online: 28 2020May

http://crossmark.crossref.org/dialog/?doi=10.1007/s00397-020-01216-6&domain=pdf
https://orcid.org/0000-0002-1235-5672
https://orcid.org/0000-0002-6883-5894
mailto:danilo.carastan@ufabc.edu.br


DST. Another famous model is about the formation of
hydroclusters, where shearing would provide enough energy
to overcome the repulsion between particles, approximating
them and hindering the flux of the material (Bossis 1985). A
third theory is called dilatancy, where the increase in viscosity
is compared to that in granular materials, where they show an
increase in volume when sheared. In an STF, this increase in
volume would hinder the movement of particles and increase
the viscosity of the material (Reynolds 1885; Metzner and
Whitlock 1958). Although several models have been pro-
posed, it does not mean they are excluding and that only one
could be happening.

Many variables are known to influence STFs, playing im-
portant parts in their final properties and stability. First,
particle-particle interaction is one of the properties that play
a major role in their rheological behavior. When continuous
shear thickening behavior was discovered, the phenomenon
was described as occurring only in deflocculated suspensions,
and the slightest attraction between particles would be enough
to eliminate and avoid the appearance of the phenomenon
(Freundlich and Jones 1936). Thus, particles must be repul-
sive or neutral to each other (Freundlich and Jones 1936;
Barnes 1989; Blees 2002). In these deflocculated particle sys-
tems, the material will have low viscosity at rest or low shear,
with a little shear thinning behavior. For high shear rates, it
exhibits shear thickening behavior, reaching high viscosity
values depending on the type and amount of particles. This
type of system has little or no sedimentation at rest. On the
other hand, flocculated systems tend to form larger particles,
resulting in higher viscosities at low shear rates, but with a
strong shear thinning behavior as the rate increases. In addi-
tion, flocculated systems tend to settle when at rest (Barnes
1989; Hunter 2001; Blees 2002). Another important factor in
dispersion stability is the type of medium where the particles
are dispersed. Solvents that have good interaction with the
particles tend to facilitate their stabilization, avoiding floccu-
lation. This is seen in the case of silica as a dispersed particle.
In solvents that allow the dissociation of silanols on the silica
surface, such as water and ethylene glycol, an electrostatic
charge layer naturally occurs, stabilizing the particles
(Laskowski and Kitchener 1969; Blees 2002). This was
shown by Laskowski in 1969, where bymodifying the surface
of hydrophilic silica to hydrophobic through the addition of
methyl groups, the suspension no longer exhibited shear
thickening behavior, forming a gel even at low concentrations
of modified silica (Laskowski and Kitchener 1969).

As to the properties of the STF, increasing particle volume
results in higher viscosity of the material. This is seen at low
shear rates, but mainly at the peak viscosity due to DST be-
havior. The viscosity increase with increasing volume fraction
occurs until it reaches a maximum limit where the dispersion
becomes solid-like. This upper limit depends on the charac-
teristics of the particles and the medium in which they are

dispersed. In addition to the increase in viscosity, the increase
in particle concentration results in a decrease in the critical
shear rate for DST to occur (Barnes 1989; Bertrand et al.
2002; Cao et al. 2018). As well as the particle volume fraction,
increasing the average particle size decreases the critical shear
rate for the DST to happen (Barnes 1989; Maranzano and
Wagner 2001). However, it is important to note that very large
particles, usually those that do not exhibit colloidal behavior,
tend to sediment and mask the dilating properties of the fluid
(Metzner and Whitlock 1958; Brown et al. 2010; Brown and
Jaeger 2012).

Regarding the geometry of the particles, it is experimental-
ly observed that anisotropic particles tend to exhibit shear
thickening behavior at lower volume fractions. This is the case
of fumed silica, which presents aggregates with irregular 3D
geometry (Barthel et al. 2008). STFs produced with this type
of silica usually have a shear thickening peak at volume frac-
tions as low as 10–15 vol%, in contrast to 50–60 vol% for
spherical silica particles (Raghavan and Khan 1997;
Raghavan et al. 2000; Negi and Osuji 2009).

Besides particle aspects, the continuous phase in an STF
also contributes to its final properties. As most of the compo-
sition of an STF is the liquid phase, increasing its viscosity
results in an increase in the total viscosity of the system.
Generally, the stability of a suspension tends to be favored
by increasing the viscosity of the continuous phase, as it hin-
ders particle mobility and minimizes the tendency to agglom-
erate. However, for a silica-PEG STF, larger molar masses of
the continuous phase imply longer polymer chains, resulting
in fewer hydroxyl terminal groups, which are mainly respon-
sible for bonding with silanols on the silica surface, stabilizing
the suspension. Thus, a higher viscosity polyethylene glycol
may lead to destabilization of the suspension under certain
conditions (Hoffman 1982; Liu et al. 2015).

Concerning the effects of temperature on the properties of
STFs, its impacts are primarily associated with continuous
phase modifications and are reversible, as in an increase/
decrease in viscosity caused by temperature (Barnes 1989;
Warren et al. 2015). However, permanent changes in the
fumed silica-PEG STF may also occur upon heating, because
of changes in particle-particle interactions. What is seen is that
for certain particle volume fractions, heating the STF above
45 °C decreases the amount of hydrogen bonding between
PEG and silica. Silica particles tend to make fewer PEG bonds
and more bonds between themselves with increasing temper-
ature. The result is the formation of a three-dimensional net-
work between the silica particles, leading to irreversible gela-
tion of the suspension. The explanation for this is that with
increasing temperature, there is a weakening of hydrogen
bonds between the particle and the solvent, as well as in-
creased particle mobility by Brownian motion and decreased
bonding strength of the solvation layer, which prevents the
particles to bond and keep them stable. This phenomenon
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was most commonly seen with the increase in particle volume
fraction and was not observed at concentrations close to
10 vol% of fumed silica particles. The decrease in PEG molar
mass also favored the suspension stability with increasing
temperature, as it increases the number of hydroxyls present,
which stabilizes the silica (Liu et al. 2015).

All those aspects presented have a big impact on the prop-
erties and stability of STFs, being crucial when designing the
smart material. However, another important aspect to consider
about STFs is their time stability and the influence of humidity
in their properties. Soutrenon et al. reported that STFs of
monodisperse silica particles tend to lose their DST behavior
when they are stored in a chamber with 100% of relative
humidity over 15 days, leading to a loss of overall viscosity,
whereas being stored in a desiccator resulted in the loss of
DST with an increase in viscosity at low shear rates and a
shear thinning behavior (Soutrenon et al. 2013). They also
reported the influence of temperature on the storage of the
material over 15 and 45 days, indicating that the properties
of STFs are better retained if stored at freezing temperatures.
However, no detailed studies have been published regarding
the stability of STFs over time when related to the composi-
tion of the material, as well as how humidity and shearing
decreases the stability of fumed silica STFs. In this study,
we focus on studying the influence of fumed silica content,
dispersion energy, and humidity on the stability of shear thick-
ening fluids over a period of 16 weeks, with samples stored in
regular and low humidity environments. We also investigate
how shearing the STF impact its properties as well.

Materials and methods

Aerosil A200 fumed silica was supplied by Evonik with av-
erage surface area of 200 m2/g. These particles are mainly

spherical with sizes between 5 and 50 nm, but during their
processing, due to the use of high temperatures, they aggre-
gate, forming branched chains with sizes between 100 and
500 nm (Barthel et al. 2008). Polyethylene glycol 300 (PEG
300) obtained from Nox Solutions (Brazil) with average mo-
lecular weight of 300 g/mol was used as the continuous phase.
PEG 300 is an oligomer with low molecular weight, resulting
in a higher number of hydroxyls available, 367 mg KOH/g in
average. Ethanol 99.5% was obtained from Nox Solutions
(Brazil) and used as received.

Silica was dried for 24 h at 70 °C prior to use. Samples
were prepared following the compositions in Table 1.

Studies have shown that good shear thickening properties
can be attained at a fumed silica content of around 20 wt.%
(Feng et al. 2014; Gürgen et al. 2016; Gürgen and Kuşhan
2017; Chatterjee et al. 2019; Singh et al. 2019). Previous re-
sults obtained by our group of samples produced using the
processing parameters described below confirmed that a
weight fraction of silica smaller than 16.5% did not result in
shear thickening fluids, while samples with a fraction higher
than 22.5 wt.% resulted in a solid-like gel instead of a fluid.

Fumed silica tends to form secondary bonds and agglom-
erates; therefore, the particles must be properly dispersed in
the liquid medium. To facilitate dispersion, 3 mL of ethanol
was added for each 1 mL of PEG + silica mixture. Each com-
position in Table 1 was dispersed using a 20 kHz Sonics
Vibracell VCX 750 ultrasonic probe that has a maximum
oscillation amplitude of 114 μm. Probe sonication is a type
of direct ultrasonication that makes use of the cavitation phe-
nomenon, where pressure variations form bubbles that im-
plode, delivering high amounts of energy to the sample, being
a good option to disperse nanoparticles (Gedanken 2003;
Birkin et al. 2005; Taurozzi et al. 2011). Ultrasonication pa-
rameters used are shown in Table 2.

Our previous results showed that sonicating a sample for
30 min using a probe amplitude of 20%, totaling around 10 kJ
of energy, did not deliver enough energy to disperse the par-
ticles and obtain a fluid, resulting in a gel. Amplitudes of 60%
or higher led to the intense formation of big bubbles during
sonication, decreasing the energy transferred to the sample,
not forming a fluid either. The literature also reports that
40% of amplitude works well for fumed silica (Singh et al.
2019). Thus, probe amplitudes within the range of 30 to 50%
were chosen for sample preparation. After dispersion, samples
were kept in an oven for 24 h at 70 °C to make the ethanol

Table 1 Silica compositions used to prepare shear thickening fluids

Ethanol Silica A200 PEG 300

mL Mass fraction Volume fraction Volume fraction

18.000 0.165 0.100 0.900

18.000 0.195 0.120 0.880

18.000 0.225 0.140 0.860

Table 2 Ultrasonication
parameters used to disperse silica
nanoparticles in PEG

Time (min) Probe amplitude (%) Amplitude oscillation (μm) Energy delivered (kJ)

30 30 34.2 25.0

30 40 45.6 40.0

30 50 57.0 55.0
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evaporate. Fourier transform infrared spectroscopy (FTIR)
was used to confirm that all ethanol had been evaporated.

Rheological characterizationwas performed using anMCR
502 Anton-Paar rheometer with a 25 mm parallel-plate geom-
etry and gap between plates of 1 mm. The viscosity was mea-
sured at 25 °C as a function of shear rate from 0.01 to
1000 s−1. Prior to the viscosity sweep, samples were sheared
for 60 s at 1 s−1 and then rested for 60 s, in order to eliminate
shearing history and prevent the formation of weak physical
gels. The viscosity sweep consisted of 36 points in a logarith-
mic ramp with a density of 7 points per decade. The duration
at each point also followed a logarithmic ramp, starting at
100 s and ending at 0.5 s, resulting in a total of 708.8 s for
the viscosity sweep. Fresh samples were initially tested 2 h
after leaving the oven (labeled as week 0), and then, each
sample had its volume divided in two parts. One of them
was stored in a desiccator, in order to avoid humidity absorp-
tion, while the other half remained open in room conditions,
with humidity of 45 ± 10%. The temperature was kept at 23 ±
3 °C for both cases and they were stored in the absence of
light. Tests were carried out after 2, 4, 8, 12, and 16 weeks to
study the stability of the STFs over time and the influence of
water absorption in their properties. All samples were pre-
pared at least in duplicate.

Water content was measured using a thermogravimetric
analyzer (TGA) Q5000 IR from TA instruments, with temper-
ature varying from 27 to 600 °C with a heating ramp of
10 °C/min. Sample images were obtained using a field emis-
sion scanning electron microscope (FESEM) JMS-6701F

from Jeol, with accelerating voltage of 5.0 kV. For each image
taken, the area of 100 particles was measured using the soft-
ware ImageJ. Each particle had its perimeter marked and the
area was calculated by the software. Smaller aggregate sizes
were also measured in water using a dynamic light scattering
(DLS) device Zetasizer NanoZS, from Malvern Panalytical,
with optical path length of 10 mm and measurement angle of
173°, at a temperature of 25 °C. Results were obtained from
the average of 50 sweeps of 12 s each. DLS was able to
measure particle sizes between 1 and 1000 nm.

Results and discussion

Rheological characterization of samples in week 0 showed
that increasing the fraction of silica resulted in an increase in
the critical viscosity of the samples and in a lower critical
shear rate for the DST to happen. These results have been
extensively reported in the literature (Barthel et al. 2008;
Feng et al. 2014; Gürgen et al. 2016; Gürgen and Kuşhan
2017; Chatterjee et al. 2019). Also, the same behavior was
seen when decreasing probe amplitude, because less energy
was delivered to the sample, resulting in bigger particle ag-
glomerates, which leads to higher critical viscosity (Barnes
1989). Viscosity as a function of shear rate for all composi-
tions at different probe amplitudes can be seen in Fig. 1, and
the values of critical viscosity and critical shear rate of these
samples are shown in Table 3.

Fig. 1 Viscosity as a function of shear rate for samples with 10, 12, and 14 vol% of silica produced using probe amplitude of a 30%, b 40%, and c 50%

Table 3 Critical viscosity (ηc) and critical shear rate (γ̇cÞ as a function of volume fraction of silica and probe amplitude

10 vol% 12 vol% 14 vol%

Amplitude (%) ηc (Pa.s) γ̇c (1/s) ηc (Pa.s) γ̇c (1/s) ηc (Pa.s) γ̇c (1/s)

30 96.1 7.2 902.3 1.4 – –

40 5.71 268.0 48.23 51.8 673.32 2.7

50 – – 25.39 139.0 210.47 19.3

Rheol Acta (2020) 59:455–468458



The most extreme processing conditions tested did not re-
sult in shear thickening fluids. Using probe amplitude of 30%
in a sample with 14% of silica resulted in a gel, where the
maximum viscosity is seen at rest, with a decrease in viscosity
when increasing shear rate. This is a result of inadequate dis-
persion of the silica, causing particles to flocculate (Barnes
1989). In the opposite case of 10% of silica dispersed with
50% of probe amplitude, the size of the agglomerates after
dispersion was not enough for the shear thickening behavior
to occur, due to the excessive energy transferred to a small
fraction of particles. Thus, from an initial perspective, a sam-
ple with 12% of silica and 30% of amplitude has the highest
critical viscosity. This sample is also one with the highest
viscosity increase ratios (critical viscosity/viscosity at the on-
set of shear thickening: ηc/ηons), as seen in Table 4.

The stability of the samples was studied within a period of
up to 16 weeks. Viscosity curves as a function of time of STFs

prepared with probe amplitude of 30% are shown in Fig. 2, for
samples with 10 and 12% of silica.

Using 30% of probe amplitude led to the highest critical
viscosity among the tested samples, but it also led to instability
of the STF. Samples with 10% of silica produced using 30%
of amplitude did not show shear thickening behavior after the
initial tests when stored in a low humidity environment, or
past 2 weeks, when stored in a regular humidity environment.
Also, the viscosity of samples in the absence of humidity was
much higher. When using 12% of silica, no storage condition
granted an STF past the initial test, all samples were quickly
transformed into gels. The same happened with samples with
14% of silica, except they became hard solids past week 0, and
thus could not be tested in the rheometer. Table 5 presents the
critical viscosity, viscosity increase ratio, and critical shear
rate of samples on their last stable test as STFs.

The stability of shear thickening fluids produced using
40% of probe amplitude is shown in Fig. 3 for samples with
10, 12, and 14 vol% of silica.

The higher energy delivered to the samples during
ultrasonication decreased the critical viscosity, but it also led
to higher stability of the samples, mainly when stored in a low
humidity environment. Samples with 10% of silica produced
using 40% of probe amplitude showed a small critical viscos-
ity on week 0, but when it was kept in a dry environment, the
critical viscosity increased from 5.71 Pa.s in week 0 to
131.30 Pa.s in week 16 and remained stable throughout
16 weeks. Most of the changes in sample properties happened
during the first 4 weeks. When stored in a regular humidity

Fig. 2 Viscosity as a function of
shear rate of samples with
different silica content processed
with 30% of probe amplitude after
2, 4, 8, 12, and 16 weeks. a
10 vol% regular humidity, b
10 vol% low humidity, c 12 vol%
regular humidity, d 12 vol% low
humidity

Table 4 Viscosity increase ratio (ηc/ηons) for the samples tested in week
0

Viscosity increase ratio-ηc/ηons

Amplitude (%) 10 vol% 12 vol% 14 vol%

30 57.98 83.83 –

40 5.55 40.87 80.88

50 – 17.68 72.12
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environment, overall viscosity fell, although there is still a
small peak of viscosity. Increasing the amount of silica result-
ed in greater instability independently on the presence of wa-
ter. Samples with 12% of silica showed a shear thickening

behavior for 2 weeks, while those with 14% showed the same
behavior only for the initial tests. Overall viscosity remained
low when in the presence of humidity for all samples. Table 6
summarizes the critical viscosity, viscosity increase ratio, and

Fig. 3 Viscosity as a function of
shear rate of samples with
different silica content processed
with 40% of probe amplitude after
2, 4, 8, 12, and 16 weeks. a
10 vol% regular humidity, b
10 vol% low humidity, c 12 vol%
regular humidity, d 12 vol% low
humidity, e 14 vol% regular
humidity, f 14 vol% low humidity

Table 5 Critical viscosity (ηc), viscosity increase ratio (ηc/ηons), and critical shear rate (γ̇cÞ of the samples prepared with probe amplitude of 30% in the
last week where they behaved as stable STFs (ws)

Regular humidity Low humidity

Volume fraction of silica (%) ws ηc (Pa.s) ηc/ηons γ̇c (1/s) ws ηc (Pa.s) ηc/
ηons

γ̇c (1/s)

10 2 157.31 116.32 1.39 0 – – –

12 0 – – – 0 – – –

14 – – – – – – – –
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critical shear rate of samples prepared using 40% of
amplitude.

The last ultrasonication condition tested was 50% of probe
amplitude. Viscosity as a function of time for samples pro-
duced using 10, 12, and 14% of silica is shown in Fig. 4.

Increasing further the dispersion energy resulted in samples
with even smaller critical viscosity. Freshly prepared samples
containing 10% of silica did not exhibit shear thickening be-
havior, but similarly to the samples prepared using 40% of
amplitude, shear thickening behavior starts to slowly appear

Fig. 4 Viscosity as a function of
shear rate of samples with
different silica content processed
with 50% of probe amplitude after
2, 4, 8, 12, and 16 weeks. a
10 vol% regular humidity, b
10 vol% low humidity, c 12 vol%
regular humidity, d 12 vol% low
humidity, e 14 vol% regular
humidity, f 14 vol% low humidity

Table 6 Critical viscosity (ηc), viscosity increase ratio (ηc/ηons), and critical shear rate (γ̇c ) of the samples prepared with probe amplitude of 40% in the
last week where they behaved as stable STFs (ws)

Regular humidity Low humidity

Volume fraction of silica (%) ws ηc (Pa.s) ηc/ηons γ̇c (1/s) ws ηc (Pa.s) ηc/ηons γ̇c (1/s)

10 16 0.85 14.97 13.90 16 131.30 64.73 7.20

12 2 169.06 19.49 0.14 2 971.58 35.03 0.37

14 0 – – – 0 – – –
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over time when stored in a dry environment. Even after
16 weeks, critical viscosity is still increasing. In contrast, the
aging of the same sample in humid conditions promoted a
considerable drop in overall viscosity and the maximum crit-
ical viscosity reached only around 1 Pa.s. A new aspect found
in samples prepared with 50% of amplitude is that gelation did
not occur in the sample containing 12% of silica over time, as
shear thickening behavior persisted after 16 weeks. Even so,
the viscosity at low shear rates increased progressively, indi-
cating certain instability of this STF. Even more surprising is
the fact that this sample can present shear thickening behavior
in the presence of humidity. While samples stored in low
humidity conditions have not reached a stable critical viscos-
ity, samples in regular humidity environment reached an ap-
parent stable condition past 4 weeks. The presence of water
also reduced the viscosity of this sample at low shear rates, as
seen in other situations, resulting in a high viscosity increase
ratio of around 94. Samples with 14% of silica still did not
remain stable. Shear thickening behavior persisted for up to
4 weeks, and the samples turned into a gel for longer aging
times. Critical viscosity, viscosity increase ratio and critical
shear rate of samples prepared using 50% of amplitude are
shown in Table 7.

Based on these results, it is clear that water absorption is
affecting the rheological behavior and stability of the STFs.
The most obvious effect is that samples kept in a humid envi-
ronment tend to have lower viscosities when compared to their
dry counterparts. To further understand this issue, water up-
take was analyzed by TGA. Tests were carried out in samples
produced using 40% of amplitude to estipulate whether the
absorption of water was affected by silica concentration. The
results are shown in Table 8.

Water content was estimated by weight loss up to 125 °C,
while silica content was estimated by the remaining weight at
550 °C, as there is little weight change above 500 °C. There
was no significant difference in water content of samples with
lower or higher amounts of silica. This means that neither
PEG nor silica seem to be a preferable target for water to bond.
Thus, lower viscosity in samples due to water absorption can
possibly be explained by two reasons: first, STF showed to be
very hygroscopic, absorbing around 13 wt.% of water after
16 weeks. As a result, a sample with an initial composition of
16.5 wt.% of silica (10 vol%) that absorbs 13% of water will
decrease its silica concentration to 14.60 wt.% (8.6 vol%).
This difference in composition leads to smaller viscosities
and even loss of shear thickening behavior in samples close
to the lower fraction limit, which is around 10 vol% of silica.
A reduction of 1.4 vol% of particles represents a great differ-
ence in properties, as it was shown that changing 2 vol%
causes a big impact in the shear thickening behavior from
the different compositions studied. These results are in accor-
dance with the study developed by Soutrenon et al. (2013).

The second effect that water absorption causes to silica
particles in STF is a reduction in agglomerate size. Water
bonding to silica causes a reduction in hydroxyl groups avail-
able on the surface of the particles, hindering particle-particle
bonding and agglomeration. A reduction in agglomerate size
can also greatly reduce the shear thickening behavior (Barnes
1989; Gürgen et al. 2016; Chatterjee et al. 2019).
Agglomeration reduction was confirmed by SEM images,
shown in Fig. 5.

All three samples showed the presence of smaller agglom-
erates when stored in the presence of humidity. However, a
decrease in the agglomeration of particles was mainly seen in
samples with 10% of silica, where no big agglomerates are

Table 7 Critical viscosity (ηc), viscosity increase ratio (ηc/ηons), and critical shear rate (γ̇c ) of the samples prepared with probe amplitude of 50% in the
last week where they behaved as stable STFs (ws)

Regular humidity Low humidity

Volume fraction of silica (%) ws ηc (Pa.s) ηc/ηons γ̇c (1/s) ws ηc (Pa.s) ηc/ηons γ̇c (1/s)

10 16 1.11 3.96 13.90 16 41.22 27.90 26.80

12 16 95.61 94.43 1.00 16 1175.8 33.25 0.27

14 12 1050.2 40.76 0.14 12 2588.4 4.66 0.19

Table 8 Water percentage after
4 months for samples prepared
using 40% of amplitude and silica
concentrations of 10 vol%
(16.5 wt.%), 12 vol%
(19.5 wt.%), and 14 vol%
(22.5 wt.%)

Silica content (wt.%) 16.5 19.5 22.5

Storage humidity Regular Low Regular Low Regular Low

Weight loss at 125 °C (%) 13.36 3.20 13.50 3.51 12.77 3.43

Remaining weight at 550 °C (%) 14.36 16.10 16.82 18.60 19.56 21.69
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seen in Fig. 5a. These samples were also the only ones where
the overall viscosity decreased over the weeks compared to
initial tests, when stored in a regular humidity environment.
Figure 6 summarizes the area distribution of particles from
SEM images.

The area distribution shows that for all cases, samples
stored in a low humidity environment show a much broader
size distribution, whereas smaller agglomerates are predomi-
nant in samples stored in a regular humidity environment.

Table 9 summarizes the particle area average obtained from
measurements from SEM images.

Another evidence of particle size reduction is a color
change that happens in samples stored in a regular humidity
environment, where they become blue, as seen in Fig. 7.

Studies have shown that suspensions of silica nanoparticles
with sizes between 100 and 450 nm show a blue color caused
by Rayleigh scattering (Ohsawa et al. 2002). Changes in color
were seen for all sample compositions produced, indicating a
higher amount of particles between 100 and 450 nm, which is

Fig. 5 SEM images of STF
produced using 40% of amplitude
after 16 weeks. a 10 vol% regular
humidity, b 10 vol% low
humidity, c 12 vol% regular
humidity, d 12 vol% low
humidity, e 14 vol% regular
humidity, f 14 vol% low humidity

Fig. 6 Area distribution of agglomerates/aggregates from SEM images. a 10 vol.% of silica; b 12 vol.% of silica; c 14 vol.% of silica
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closer to the size of an aggregated particle of fumed silica
(Barthel et al. 2008), indicating that part of these particles
are no longer agglomerating, due to the presence of water.

The behavior of a typical STF sample over time, such as
12% of silica produced using 40% of probe amplitude is illus-
trated in Fig. 8. After dispersion, silica particles will agglom-
erate and flocculate when aging. When humidity is present,
agglomerates will be smaller and there will be aggregate par-
ticles in the system.

As mentioned before, in the case of higher amounts of
silica and/or smaller probe amplitudes, agglomerates will be
bigger and form in shorter times. On the other hand, the ag-
glomerates will be smaller for samples prepared with a smaller
silica content and/or higher probe amplitudes, resulting in a
deflocculated system that is stable for longer times, but with
less prominent critical viscosity in week 0. In all cases aggre-
gates will be formed when the STF is stored in room condi-
tions, as evidenced by the blue coloring obtained for all sam-
ples not stored in a dry environment.

STF stability over shearing was also studied. Samples were
tested for a total of 200 shearing cycles with a maximum shear
rate of either 100 or 300 s−1. Each shearing cycle lasted 5 s,
followed by a resting cycle of 2 s at 0.1 s−1. Viscosity as a
function of shear rate was obtained before and after shearing
in week 0 and week 4, as shown in Fig. 9 for samples pro-
duced using 40% of probe amplitude kept in dry conditions.

Shearing cycles reduce the critical viscosity and increase
the critical shear rate of the samples. The higher the shear rate
applied in the cycles, the higher is the damage to the shear
thickening behavior. Samples with higher initial viscosity also
exhibit the biggest viscosity reduction, as expected. Shearing
can lead to agglomerate breakage, and higher viscosities in
samples are caused by the presence of bigger agglomerates,
being more susceptible to breaking. For 4-week-old samples,
it is possible to see that the increase in viscosity occurred over
time is not completely lost during shearing cycles. Still, there
is a high decrease in properties, as this increase in viscosity is
caused by particle agglomeration. DLS of samples before and
after shearing was performed to measure average aggregate
diameter, shown in Fig. 10.

When comparing the samples tested before any pre-shear,
4-week-old samples exhibit a broader particle diameter distri-
bution, clearly showing that the particles increase in size over
time, forming bigger agglomerates. Shearing cycles affect
mostly the higher end of the distribution curve, indicating that
shearing is not enough to break aggregates into primary par-
ticles, but only to reduce agglomerates to aggregates. The
same behavior was seen in samples produced using 30 and
50% of probe amplitude, where shearing did not break ag-
glomerates into primary particles. As helpful as DLS informa-
tion is to measure quantitatively the size of particles in sus-
pension, it is limited for further use because of the maximum
particle size it can detect. The DLS equipment used does not
provide reliable information for particles bigger than 1000 nm
in diameter. Therefore, its use here is limited to analyzing and
comparing the effect of shear on aggregates and primary par-
ticles of a certain size range, not being capable of measuring
bigger agglomerates, as the ones seen by SEM. Tables 10 and
11 summarize the maximum viscosity after shearing of all
compositions tested in week 0 and week 4, respectively.

Although at first sight, the initial viscosity magnitude
seems to impact on the extent to which the viscosity will
decrease when going through 200 shearing cycles, the disper-
sion energy and volume fraction of silica play a more

Fig. 7 Visual aspect of 10%
silica-STF, produced using 40%
of amplitude, after 16 weeks
stored in a regular humidity; b
low humidity

Table 9 Average particle area of STF prepared with different silica
content and stored in regular humidity or low humidity, measured from
SEM images

Average particle area (μm2)

Silica (vol.%) Regular humidity Low humidity

10 0.035 ± 0.04 0.348 ± 0.60

12 0.116 ± 0.13 0.303 ± 0.50

14 0.274 ± 0.66 0.490 ± 1.31
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Fig. 9 Viscosity as a function of
shear rate of samples with
different silica content processed
with 40% of probe amplitude,
before shearing and after
200 cycles of shearing at a
maximum shear rate of 100 and
300 s−1. a 10 vol% week 0, b
10 vol% week 4, c 12 vol% week
0, d 12 vol% week 4, e 14 vol%
week 0, f 14 vol% week 4

Fig. 8 Illustration of the influence
of time and humidity on the
general case of STFs composed of
12 vol% of silica produced with
40% of probe amplitude

Rheol Acta (2020) 59:455–468 465



important role in this loss. If we compare samples with similar
critical viscosities, as in week 0, 10% of silica produced using
30% of amplitude and 12% of silica produced using 40% of
amplitude, the first sample has a critical viscosity of 55.02 Pa.s,
while the second one reaches 79.48 Pa.s. One would occasion-
ally expect that the sample with a higher initial critical viscosity
would display a higher decrease in viscosity, but what is seen is
that the first sample exhibited a 47% loss in critical viscosity after
the 100 s−1 shearing cycles, while the second one lost only 24%
under the same conditions. The same is seen for week 4 samples,
taking for example the ones produced with 10% of silica using
30% of amplitude (ηc = 757 Pa.s) and 14% of silica produced
with 50%of amplitude (ηc = 1011.2 Pa.s). The former lost 88.9%
of its initial critical viscosity after 100 s−1 shearing cycles, while
the latter lost 83.4% under the same conditions, even though its
initial critical viscosity is 33.5% higher. The main difference
between these samples is that when using higher amplitudes
(higher dispersion energy) to disperse silica, a higher particle
volume fraction is required to obtain a similar critical viscosity,
because the size of the agglomerates will be smaller due to higher
dissipation energy. Both the volume fraction and size of particles
present in a sample increase the critical viscosity of an STF
(Barnes 1989), but only the size of the particles can be changed

during shearing, caused by the breakage of agglomerates, thus
having a greater impact on the loss of properties of the STF.

Conclusions

STF stability was tested over time and over shearing for sam-
ples with 10, 12, and 14 vol% of A200 fumed silica in PEG
300, dispersed using ultrasonication probe amplitude of 30,
40, and 50%. Increasing the amount of silica or decreasing
probe amplitude resulted in higher viscosities, but it also led to
faster destabilization of the STF over time. When samples
were stored in the presence of humidity, their overall viscosity
was smaller than for the samples kept in a low humidity en-
vironment, but in both cases samples became a gel if using
higher amounts of silica or dispersing using smaller probe
amplitudes. Silica was found to agglomerate over time,
resulting in flocculated systems, while water reduced this ten-
dency to agglomerate, decreasing viscosity. Samples with
smaller amounts of silica or produced using higher dispersion
energy did not become gels, but a viscosity increase over time
was observed when stored in low humidity conditions. The
sample with 12 vol% of silica produced with 50% of probe

Table 10 Critical viscosity (ηc) and critical shear rate (γ̇c ) for fresh samples (week 0) before and after 200 cycles of shearing at a maximum shear rate
of 100 and 300 s−1. Numbers in parentheses indicate the viscosity increase ratio (ηc/ηons)

Week 0 No shear 100 s−1 300 s−1

Probe amplitude (%) Silica (vol%) ηc (Pa.s) (ηc/ηons) γ̇c (1/s) ηc (Pa.s) (ηc/ηons) γ̇c (1/s) ηc (Pa.s) (ηc/ηons) γ̇c (1/s)

30 10 55.02 (36.57) 26.8 29.17 (29.69) 51.8 13.42 (17.27) 139

12 519.3 (93.69) 3.73 76.14 (55.22) 51.8 32.08 (30.51) 100

14 3979.6 (5.13) 1.00 476.2 (4.12) 10 82.29 (37.15) 37.3

40 10 10.44 (8.20) 193 8.62 (10.75) 72 7.89 (12.45) 100

12 79.48 (39.19) 26.8 60.42 (44.03) 51.8 22.9 (24.02) 72

14 643.04 (56.19) 2.68 196.27 (74.32) 26.8 58.68 (33.41) 72

50 10 – – – – – –

12 23.48 (15.68) 139 21.08 (20.30) 139 18.07 (20.63) 139

14 184.11 (67.21) 37.3 74.26 (47.15) 72 38.75 (30.94) 100

Fig. 10 Aggregate diameter
distribution of samples with 10%
of silica produced using 40% of
probe amplitude, before and after
200 cycles of shearing at a
maximum shear rate of 100 and
300 s−1. a At week 0; b at week 4
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amplitude was the only one that showed a significant magni-
tude of discontinuous shear thickening when stored in a reg-
ular humidity environment, balancing the effects of agglom-
eration over time and agglomerate breakage due to humidity.
Considering that for potential impact-absorbing applications
STFs are expected to remain stable over time and they should
also keep their properties after indefinite mechanical loading
cycles, we tested the influence of pre-shearing cycles on the
stability of shear thickening behavior. High shear rate cycles
were found to promote agglomerate breakage to different ex-
tents, depending on STF composition and processing condi-
tions. This effect was more prominent in samples containing
lower amounts of silica produced using low dispersion ener-
gy. Such samples initially exhibited shear thickening behavior
due to the presence of big agglomerates, but these are more
prone to breakage under shear, so the STF properties are de-
graded after a series of shearing cycles.
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