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Abstract

Shear thickening fluids (STFs) have gained attention for their capacity to increase viscosity with higher shear rates, rendering
them solid-like under high-impact conditions. This reversibility renders STFs valuable for diverse applications, particularly
in defense systems. Preceding our study, mechanical hurdles, such as aggregation and blending issues, hindered efficient
utilization. Our research presents an innovative method for STF synthesis using polyethylene glycol and SiO2 nanoparticles.
Significantly, we employed a hot plate and oil bath to remove ethanol from the STF, a distinctive aspect of our approach.
We also systematically explored the impact of temperature and the dispersion weight fraction of fumed silica nanoparticles
on crucial rheological parameters, encompassing viscosity, shear rate, storage modulus (G’), and loss modulus (G”). As
temperatures increased, the critical shear rate also rose, while viscosity decreased. Additionally, we observed a significant
enhancement in thickening behavior with higher SiO2 concentrations in STFs. For instance, the peak viscosity of 15 wt% STF
decreased by approximately 69.47% from 20 to 40 °C and by approximately 89.92% from 20 to 60 °C. This study highlights
the unique rheological properties of STFs.
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Introduction

Colloidal suspensions called STFs increase in viscosity
as shear rates increase [1-4]. As a result, STFs continue
to behave as solid-like materials under high-impact loads.
Reversibility is one of the most important properties of
STFs, meaning they can be changed from solid back into a
liquid by evacuating the connecting stretch. The rheological
parameters of these “smart” fluids have been investigated
for a long time to determine the application of these “smart”
fluids in defensive systems. There were initial mechanical
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problems associated with thickening, including aggrega-
tion and overburdening blenders, thus restricting the rate
of application [5-9]. Recent developments have utilized the
interesting properties of these fluids to create more innova-
tive materials and structures. It could be a colloidal liquid
suspension where the shear rate is higher than the critical
shear rate, and as a result, the viscosity increases signifi-
cantly [11-14]. In general, colloidal structures present a
scattered stage of a two-component structure whose dis-
persed phase is too small for the optical magnifying lens to
be properly detected and can be influenced by other forces.
When STFs are exposed to low shear or shear stresses, they
frequently show a thinning behavior. The STF’s viscosity
becomes higher with greater shear stress as well as shifts
gradually or simultaneously from shear thinning to shear
thickening. It is called spasmodic thickening when the vis-
cosity of STFs suddenly increases. A reversible change in
viscosity occurs when shear stress decreases from the mate-
rial, meaning the viscosity will decrease subsequently [6].
In shear thickening, colloids and suspensions are firmly
inserted. In cases where they are unsettled at a low shear
rate, such suspensions behave like lean liquids; however,
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when they are unsettled at a high shear rate, they are incred-
ibly thick. Despite this, expanded viscosity poses other
challenges for STF industries. Due to this function, they
make good dampers and shock absorbers. As a result of this
flexibility, STFs are used to enhance the impact resistance
of athletic hardware or fluid armor. The American Rheo-
logical Society teaches rheology, which is derived from the
Greek rheos (work) and logos (science). Depending on their
chemical and smaller-scale structures, all materials behave
differently. Therefore, behavior control is a key component
of commercial frameworks. Rheology kinematics are con-
trolled by concepts. The analysis of kinematics provides
geometrical angles of distortion and development, while
the analysis of preservation law takes into account forces,
the sharing of energy, stresses, and the diverse connections
between body groups. This is where rheology comes into
play, as it is the application of these logical standards and
tests to solve problems relevant to polymer engineering,
nourishment generation, printing, lubrication, and some
other technologies [7, 8]. STFs have a great deal of potential
in industries for integrating inside damper frameworks for
optimizing their dynamic performance [9, 10]. In addition,
dimples inside tubes can be used to enhance heat transfer in
various applications, including heat exchangers [11-19]; in
some cases, STFs are used in heat exchangers or cooling sys-
tems to improve their efficiency. The combination of dim-
ples and STFs can potentially lead to even better heat trans-
fer performance due to the enhanced fluid mixing caused
by dimples and the unique rheological properties of STFs.
Framework damage and vibration resistance are improved
with the help of auxiliary parts [20-23]. The idea behind
STFs is to constrain the mobility of the knees, shoulders,
lower legs, and hips to block their rapid movement. Recent
studies have shown that multiphase STF frameworks with
nanoparticles within the suspensions would benefit from
the addition of nanoparticles. One of the most important
down-to-earth multiphase STFs is the MSTF, which is a
combination of magnetorheological liquids and STFs [24].
Multiphase STFs were introduced several years ago with
ceramic particles and carbon nanotubes. There has been evi-
dence that these substances can alter the thickening behavior
of STFs for defensive purposes [25-28]. In some studies,
steady rheological properties and energetic rheological prop-
erties of STFs have been examined. Moreover, the rheolog-
ical highlights have been discussed in terms of molecule
measurement, surface charges, volume, strong stage, and the
properties of the carrier fluid [29-32]. In accordance with
[33], the length of nano-silica particles and polyethylene
glycols is presented as a viable measurement of STF’s flow
properties. From the study findings, it was observed that the
force between molecules varies according to the force levels
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experienced due to the presence of suspended silica nano-
particles in a carrier fluid. The majority of previous research
has primarily focused on analyzing the rheological behavior
of STFs at a temperature of 22 °C, with limited attention
given to exploring how temperature affects STF properties
during the processing phase. Consequently, it is crucial to
understand how temperature influences STF behavior and
microstructure. Several studies have demonstrated that STF
can be made by scattering solid-phase particles in polyeth-
ylene glycol and polypropylene glycol, which could be an
example of STF. According to [23, 25, 34-37], colloidal
suspension rheology is highly dependent on interparticle
forces and the nanoscopic properties of colloidal surfaces.

In this study, the rheological properties of thickened fluid
were investigated using polyethylene glycol 400 and silica
fume. It has been tried to pay attention to a large number
of rheological properties of this fluid, which have not been
fully paid in one place in previous research. Rheology is
crucial for explaining the forces that act between suspended
particles on the nanoscale. Mechanical mixing and high-
speed ultrasound were used to disperse fumed silica particles
in polyethylene glycol based on various loadings to prepare
STF. The innovative aspect of this research is the method
of making STF, which is unique to this research. To make
STF, a hot plate heating method has been used while stirring
the materials to evaporate ethanol so that the materials are
placed in the oil bath at a temperature of 80 °C. This action
helps the evaporation of alcohol from the fluid, and due to
the presence of temperature and the reduction of viscosity, it
makes stirring easier and causes a better formation of chemi-
cal bonds between the components of the STF.

Experimental
Materials and STF synthesis

As a result of the fullness of silanol bunches on the surfaces
of carbonized SiO, particles, they appear to be hydrophilic.
In a hydrogen/oxygen fire, fumed silica nanoparticles are
synthesized through the hydrolysis method and tetrachlo-
rosilane at high temperatures [37]. In this study, hydro-
philic SiO, (Aerosil 200 measuring 12 nm in diameter)
was acquired from Degussa Company. Polyethylene glycol
(trademark PEG400) was provided via Merck containing an
atomic weight of 400 (g/mol) and ethanol with a purity of
99.5% was used. Table 1 shows the properties of applied
materials for preparation of STF. Figure 1 shows the materi-
als prepared for the production of STF. In Table 1, samples
with different weight fractions are named. Table 2 shows the
weight fraction of the fumed SiO,/PEG suspensions.
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Table 1 Properties of applied materials Table2 The weight fraction of the fumed SiO,/PEG suspensions

Materials Density (g cm™) Mollar mass (g Formula Sample (fumed SiO24+PEG400) The weight fraction of
mol™") the fumed silica (Wt%)

PEG 113 380-420 CyHypiOprt A 15

Silica 2.2 60.09 Sio, B 25

Ethanol 0.789 46.068 C,H,O C 35

Preparation of STFs tainer was used during for the purpose. At this stage,

An ultrasonication process and mechanical blending were
used to fabricate the STF. The synthesized STFs in this exper-
iment include concentrations of 15%, 25%, and 35%. The fol-
lowing steps (A—G) were carried out to fabricate the samples,
and in Fig. 2, a view of the production of STFs is shown.

(A) Fumed SiO, was hydrophilic and sensitive to humidity
adsorption. To remove moisture from fumed silica, the
material was first heated to 60 °C in a vacuum oven for
24 h.

(B) Direct mixing of fumed silica with ethanol by a mechani-
cal stirrer at a speed of 5000 rpm at room temperature
(Three to one is the weight ratio of ethanol to STF).

(C) As aresult of ultrasound sonication, particles in sus-
pension can be distributed more evenly within the sus-
pension by reducing their aggregation [38]. This was
achieved by sonicating the resulting fumes with ethanol
for 3 hin 0.5 cycles at 30% amplitude with a horn tip
sonicator (Hielscher-UP400S).

(D) By magnetic stirrer for 18 h at room temperature, poly-
ethylene glycol 400 is mixed continuously with SiO,/
ethanol solution.

(E) STF sonicated for 5 h in 0.5 cycles and 30% amplitude.

(F) The STF was mixed for 8 h by a mechanical stirrer
at 10,000 rpm. A 50-ml glass beaker experiment con-

Fig.1 The material used is a
polyethylene glycol 400, b etha-
nol, and ¢ fumed silica particles

to remove excess alcohol from STF, it was heated in an
oil bath at 80 °C by a hot plate. It was observed that at
this temperature, excess alcohol was removed to a very
significant extent. And the stirring became much easier
and the number of bubbles trapped in STF was less
compared to the studies that put STF in the oven and
the bubbles came out faster due to the heat generated
and the viscosity reduction.

(G) To remove bubbles from the STF, the specimen was
vacuumed at 22 °C for 10 h.

Rheological test

A rheometer is one of the most widely used tools for meas-
uring fluid rheological properties. Rotary rheometer test-
ing was carried out on a parallel plate rheometer (MCR
301, Anton Paar) in both static and dynamic shear condi-
tions as a function of angular frequency. STF was filled
sufficiently on the test disc by using a geometry with a
20 mm diameter and 0.8 mm gap (PP-20). In 20 °C condi-
tions, viscosity was measured in the 0.1-1000 s~! range
depending on the shear rate [39, 40]. In the temperature
sweep test, the frequency sweep, and Oscillatory Strain
Amplitude Sweep, the test geometry conditions have not
changed (Fig. 3).
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Fig.2 Steps of the STF prepara-
tion: a mechanical blending of
fumed silica with ethanol, b
sonication of fumed silica with
ethanol, ¢ mixing of PEG400
with fumed silica and ethanol
solution by a magnetic stirrer,
d the STF was mixed in an oil
bath by a mechanical stirrer for
8 h, e the sample was placed
under vacuum

Results and discussion

Shear thickening characteristics of fumed
Si02/PEG400

A standard deviation of less than 5% was found in the
reported results. Upon reducing the loading of fumed silica
particles, some independent SiO, aggregates are formed.
Consequently, the STF’s viscosity decreases further,
resulting in shear-thinned behavior. Due to the increased
shear rate, hydrodynamic lubrication forces overcome
other forces in the suspension, leading to more fumed SiO,
aggregates being formed.

Fig.3 a Rheometer (MCR 301,
Anton Paar), b samples pre-
pared with A=15%, B=25%,
and C=35% weight fractions
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The viscosity of the shear flow fluctuates based on the
shear rate. Figure 4 depicts the influence of silica weight
fraction on viscosity. According to the results, all samples
exhibit similar rheological behavior regardless of the fumed
SiO, concentration; viscosity decreases slightly with a rising
shear rate and exhibits shear thinning behavior. In response
to an increase in shear rate, the viscosity increases dramati-
cally, and shear thickening behavior is demonstrated, and
it reaches its maximum value. Then, in the presence of a
further increase in shear rate, the viscosity starts to decrease.
Attempting to explain this shear thickening behavior, Bossis
and Brady proposed a theory based on the Stokesian hydro-
dynamic model called “hydro clusters” [41, 42]. As a result
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Fig.4 a—c Curve of viscosity—
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of the terminal hydroxyls on polyethylene glycol molecules
and the abundance of silanol groups on fumed silica, hydro-
gen bonds can easily be formed between them. As a solva-
tion layer, polyethylene glycol molecules are deposited on
fumed silica surfaces by hydrogen bonds. Fumed SiO, dis-
persion in sol is stabilized by this effect since the particles
are prevented from interacting. Consequently, the viscosity
is altered. As the shear-rate increases, the system fails in its
capability to recover, damage increases, and hydro clusters
are formed when small fumed silica aggregates collide. The
big “hydro clusters” can act like walls and hinder fluid flow.
The system’s viscosity increases steeply as a result.

Temperature effects on STF characteristics

The obtained results have less than a 5% standard devia-
tion. Figure 5 compares the impact of temperatures of 20,
40, and 60 °C on the viscosity of SiO,/PEG400 at a con-
stant weight fraction of 15% silica fume. Although this
fluid showed ST behavior in this temperature range, the

Weight fraction (%)

(©)

viscosity of particles at 60 °C is substantially less than at
40 °C and 20 °C. As temperatures increase, the Brown-
ian motion of the molecules increases and leads to a very
irregular structure. A second effect of rising temperature
is the weakening of the interparticle hydrogen bond and
solvent vapors. Figure 5 illustrates how the cutting rate
in shear thickening occurs because shear thickening pri-
marily occurs as hydrodynamic lubrication happens. The
forces defeat the interparticle repulsive forces and cause
their formation. At higher temperatures, “hydro clusters”
are also repelled by stronger forces, so shear rates need to
be increased to induce their formation. In general, critical
shear rates increase as temperature increases [43].

Temperature-induced gelation of fumed
silica/PEG400

The temperature response of storage modulus (G”) and loss
modulus (G’) at concentrations of 15, 25, and 35% by weight
is shown in Fig. 6. This suggests that high temperatures alter
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Fig.5 a—c Curves of viscosity-
temperatures fumed SiO,/
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the structure of SiO,/PEG400. As part of the analysis of
the samples, dynamic frequency sweeps were conducted on
the samples to further examine the structure change. As is
depicted in Fig. 7, G’ and G” become larger with increas-
ing frequency. Polyethylene glycol molecules are absorbed
onto fumed silica by hydrogen bonding. They serve as a
solvent layer preventing interparticle interaction and caus-
ing efficient distribution of the silica foam particles. High
temperatures create an irregular structure in the fluid. This
reduces the solubility in the solvent layers and decreases the
storage and loss modulus [44—46].

The test temperature was first raised from 10 to 80 °C
at a rate of 5 °C per minute. According to the “hydro clus-
ters” theory, the hydrodynamic lubrication forces in the
shear thickening mechanism, the polyethylene glycol mol-
ecules, and fumed SiO, particles have a high tendency to
form hydrogen bonds. It covers the particles with a layer
of solvent. This prevents particle interaction and facili-
tates particle dispersion in the solvent. Polyethylene glycol
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molecules become more mobile as the temperature rises
due to the weakening of hydrogen bonds between particles
and solvents. It has led to the weakening of the solubility
layer on the surface of the particles. In response to the
temperature increases, the solubility layer covering the
particles slowly disappears. The particles are gradually
released from interactions between solid particles and lig-
uid solvents. The presence of many silanol groups in the
particles increases the probability of Brownian motion col-
liding, forming hydrogen bonds around their surfaces. The
formed ‘“hydro clusters” are connected, and they can act
as a barrier and significantly impede fluid flow, resulting
in thickened shear behavior.

Oscillatory strain amplitude sweep behavior
of fumed SiO,/PEG400

Under multiple deformations of strain amplitude sweep
experiments, complex fluids can be investigated for their



Colloid and Polymer Science (2024) 302:1-11

Fig.6 a—c Temperature sweeps
for fumed SiO2/PEG400 at
weight fractions of 15, 25, and
35%, d comparison of G’ and
G” results for different weight
fractions at 40 °C. The test was
performed in the strain range
of 0.2% and fixed frequency of
1 rad/s

Fig.7 a—c The frequency sweep
for fumed SiO,/PEG400 at 15,
25, and 35% weight fractions,

d comparison of G’ and G” in
different weight fractions. It was
done at 10 rad/s
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Fig.8 a—c Oscillatory strain
amplitude sweep response of
silica/PEG, including various
weight fractions of silica, and d
comparison of G’ and G” results
in different weight fractions at
10% strain at 10 rad/s and 20 °C

Fig.9 a—c G’ and G"—shear
stress curves extracted from the
sample tested by the oscilla-
tory strain amplitude method,
STF including various weight
fractions of silica at 1 rad/s and
20 °C
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nonlinear viscoelastic properties and microstructure forma-
tion [47]. Figure 8 shows the sweep response of the oscil-
latory strain range of STFs for three categories of weight
fractions. In the weight fractions of 15 and 25%, the material
behaves more liquidly. As the weight fraction increases up
to 35%, they become closer to solids. In all three cases, the
weight fraction has decreased with the increase in the strain
of G’ and G”. Which shows molecular disintegration [48].
As shown in Fig. 8 G’ 35% wt> G’ 25% wt>G’ 15% wt.

With increasing strain, the hydrogen bond between fumed
silica molecules and polyethylene glycol weakens and causes
the material to change from a solid to a liquid state. As
shown in the weight fraction of 35%, G’ and G” are equal.
[49]. This value agrees with Ball’s prediction, assuming that
the clusters form a fractal network [50]. This study verified
the frequency characteristics of the specimens by examining
the oscillatory shear response of the strain amplitude. The
sample with a weight fraction of 35% has a dominant elastic
response in the linear region, which indicates a strong net-
work structure. Based on Fig. 9, a displacement method of
fluctuating strain range of the weight fraction of fumed silica
nanoparticles has been found to increase the shear stress of
a sample by increasing the concentration of the samples up
to 35% weight fraction in the test conditions. In the diagram
shown in Fig. 9, G’ and G” have decreased with the increase
in stress and strain. The results obtained in Fig. 9 show that
G’ 35 wt% > G’ 25 wt% > G’ 15 wt%.

Conclusions

In this study, the shear thickening properties of STF solu-
tion and the influence of temperature on structure formation
were analyzed. Temperature and dispersion weight fraction
of fumed silica nanoparticles were investigated to deter-
mine their effects on viscosity, shear rate, storage modulus
(G’), and loss modulus (G”). Fumed silica SiO, particles
carry abundant silanol groups on their surface and have a
branched chain structure. When silica is dispersed in poly-
ethylene glycol, an STF is formed. The results revealed that
STF can exhibit significant thickening characteristics due
to hydrocluster formation caused by hydrodynamic lubrica-
tion forces.

As the temperature rises, the critical shear rate where
shear thickening occurs increases. Also, with increasing
the temperature, STF’s viscosity decreases. A complete
comparative rheological analysis of STFs showed a sig-
nificant increase in thickening behavior in STFs with
higher SiO, concentrations. The peak viscosity of 15
wt% STF decreased by approximately 69.47% from 20 to
40 °C and by approximately 89.92% from 20 to 60 °C. As
the temperature rises, the critical shear rate where shear
thickening occurs increases. The critical shear rate of 15

wt% STF decreased by approximately 27.14% from 20 to
40 °C and by approximately 64.29% from 20 to 60 °C.
Increasing the solid phase weight fraction increases the
viscosity. The results showed that the storage modulus
(G") and loss modulus (G’) increase with increasing the
weight fraction. However, as the temperature increases
from 20 to 80 °C, the values of G’ and G” decrease. Oscil-
latory Strain Amplitude Sweep Response of STF for three
types of weight distribution showed G’ 35 wt% > G’ 25
wt% > G’ 15 wt%. So, the value of G’ for STF at 15 wt%
decreased by approximately 43.68% compared to 25 wt%,
and it decreased by approximately 94.48% compared to
35 wt%. Furthermore, the value of G” for STF at 15 wt%
decreased by approximately 40.57% compared to 25 wt%,
and it decreased by approximately 94.33% compared to
35 wt%.
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