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Abstract

In this research, the rheological properties of non-Newtonian shear thickening fluid (STF) composed of nano-sized solid particles have
been investigated. The best conditions have been determined by optimizing both the experimental production method and the rheological
measurement system of STFs. Mechanical, ultrasonic, and both mechanical and ultrasonic mixing methods were used in the production
of STFs that nano-sized silica particle (solid: aerosil) and polyethylene glycol (liquid medium: PEG). Also, the spacing between the
plates was changed during the rheological measurements and the effect on the rheological character of the suspension was also
compared. Although the best homogenization was obtained with the ultrasonic mixer in the produced STFs, the lowest performance
was observed in the rheological measurements of these samples. In STFs obtained at high mixing speed with a mechanical mixer, the
viscosity of the fluid increased abruptly with increasing shear rate. In the measurements, it was observed that the gap change between
the parallel plates did not affect the rheological characteristics much.
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Kayma Altinda Katilasan Sivilarin Reolojik Ozelliklerinin ve
Dispersiyon Kalitesinin Belirlenmesi

Oz

Kayma altinda katilasan sivilar (KAKS), sivi ortamda dagitilmig nano boyutlu kat1 partikiillerden olusan Newtonyan olmayan 6zel bir
akiskan gesididir. KAKS’larin viskozitesinde artan kayma hizi ile birlikte ani bir artig goriiliir, sahip olduklar1 bu 6zellik tersinirdir ve
viskoziteyi artiran gerilim ortadan kalktiginda viskoziteleri ilk hallerine geri doner. KAKS’larin iiretimi i¢in kat1 ortam olarak kullanilan
silika partikiiller polietilen igerisinde ii¢ farkli yontem kullanilarak dagitilmig ve iiretim ydnteminin dispersiyon kalitesine ve reolojik
ozelliklere olan etkisi incelenmistir. Reolojik 6l¢timler sirasinda plakalar arasindaki bosluk da degistirilmis ve siispansiyonun reolojik
karakterine olan etkisi g6zlenmistir. Yapilan incelemelerde dispersiyon kalitesi en yiiksek numunelerin ultrasonik karistirict kullanilarak
yapilanlar oldugu ancak reolojik 6zellikleri negatif etkiledigi tespit edilmistir. Reolojik dl¢liimlerde paralel plakalar arasindaki bosluk
degisiminin grafik karakteristigine etki etmedigi gézlenmistir.

Anahtar Kelimeler: Kayma altinda katilasan sivi, Aerosil, Polietilen glikol, Optimizasyon.
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1. Introduction

Shear thickening fluids (STFs) are non-Newtonian
suspensions that exhibit a sudden increase in viscosity with
increasing shear rate. This property of STFs is reversible, and
when the tension that increases the viscosity is removed, the
liquids can return to their original state. A lot of research has been
done to understand the rheological properties of these fluids and
to use them in engineering applications. To understand the
solidification mechanisms of STFs, in Hoffman's study, it was
stated that before the critical shear stress, the solid particles in the
suspension were in hexagonal-shaped clusters, and when this
stress was exceeded, the particle arrangement was disrupted and
irregular aggregations [1,2]. In another study, it is stated that the
solidification mechanism is formed as a result of the
hydrodynamic forces occurring between the hydroclusters.
According to this study, strong hydrodynamic forces occur in the
suspension under high stresses and thus the particles come into
contact with each other. As a result, hydroclusters are formed as a
result of the agglomeration of many particles in the suspension.
This theory, called the Hydrocluster Theory, has been confirmed
by many studies and is generally accepted in explaining the
solidification mechanism of STFs [3,4].

Shear thickening fluids, due to this special behavior; it has
been used in many areas such as armor systems [5-9], energy
absorbers [10,11], and vibration-damping units [12,13].

Sun et al. have been observed that the application of ultra-
high molecular weight polyethylene to fabrics as STFs have a
protective effect even in low-speed impact tests. After the
application of STFs, it was determined that the energy absorption
capacity of the fabrics increased in tests using both knife and nail
tips [14]. Baharvandi et al. have been investigated the effect of
STFs impregnation on Twaron para-aramid fabric on quasi-static
puncture resistance. For the production of STFs, silica particles in
the size range of 12 to 60 nm were added to PEG 200 and mixed
mechanically at a mixing speed of 5700 rpm until the suspension
became homogeneous. The solid particle ratio in the suspension
has been preferred as 15 wt.%, 25 wt.%, and 35 wt.%. It has been
found that the impregnation of Twaron fabrics with STFs
increases energy dissipation compared to clean fabrics [15].

Xu et al. have been investigated the use of STFs to increase
stab resistance in the body armor. As a result of the investigations,
they have seen that it is possible to obtain more protective
materials with lower weight and less volume when STFs
impregnated panels are used against knife impact [16].

The rheological properties of STFs can vary according to the
physical conditions of solid media, liquid media, and suspension.
The type and proportion of solid particles in suspension are some
of the main parameters that decide the behavior of STFs. If this
ratio is below a certain value, the solidification behavior of STFs
may not be observed. It is known that the complex viscosity
values of the suspensions increase rapidly as the solid particle
ratio increases and decrease when the critical shear ratio is
reached [17]. Particle size in suspension has significant effects on
critical shear rate and viscosity profile. It has been reported that
as the silica particle size increases, the critical shear ratio
decreases, and the viscosity profile increases [17,18].

The effect of particle hardness on the rheological behavior of
suspension has been studied by Kalman et al. In this research, it
has been determined that the performance of hard particles was
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better when compared to producing STFs from soft and hard
particles [19].

The effect of the liquid medium in the suspension on the
rheological properties has been studied by many researchers.
Increasing the molecular weight of polyethylene glycol used as a
liquid medium also increased the viscosity of the suspension. It is
known that factors such as temperature, mixing speed, and
environmental conditions other than the materials that make up
the suspension affect the rheological properties [18,20,21]. In the
study by Giirgen, the rheological properties of STFs with 20 wt.%
silica content have been investigated depending on the
temperature, and it is evaluated that increasing the temperature
decreases the suspension viscosity [22].

This research aims to determine the effect of the production
method on the dispersion quality in obtaining the shear thickening
fluids. In the experimental study, the production of STFs has been
carried out with three different methods. The production method
of STFs; made using mechanical, ultrasonic, and both mechanical
and ultrasonic stirrers. With the optimization studies, both the
experimental conditions for the production of STFs and the
maximum rheological performance evaluation have been made.
Also, the effect of shear rate operating range and the distance
between parallel plates in the rheology device on complex
viscosity measurements are discussed.

2. Material and Method

Two different fumed silica (aerosil 150, and aerosil 200 from
Evonik) were used as solid particles for the production of STFs.
Two different densities of polyethylene glycols (PEG 300 and
PEG 400) were chosen as the liquid medium. Since shear
thickening fluid-behavior may not be observed in suspensions
with low solid particle concentrations, 20 wt.% and 25 wt.% solid
particle ratios were preferred as in previous studies [17,23]. The
properties determined by the manufacturer of the materials used
in the production of STFs are given in Table 1 and Table 2.

Table 1. Properties of silica nanoparticles

Properties Aerosil 150 | Aerosil 200
Surface area (m?/g) 150 200
Particle diameter (nm) 14 12
Tamped density (kg/m°) 43 50
SiO; content (%) 99.8 99.8

Table 2. Properties of polyethylene glycol

Properties PEG 300 PEG 400
Molecular weight (g/mol) 300 400
Density (kg/m®) 1125 1130
Flash temperature (°C) 220 305

In the first stage of sample production, silica particles have
been dried in an oven at 150 °C for approximately 12 hours. To
prepare STFs samples, polyethylene glycols and silica particles
were mixed with different homogenization methods. Mechanical
(M), ultrasonic (U), and both mechanical and ultrasonic (M+U)
mixing processes were applied in the production of suspensions.
Mechanical mixing was done with a high-speed mechanical mixer
at 6000 rpm. The ultrasonic mixing process was carried out with
SONOPULS HD 2200 model ultrasonic mixer at 20 kHz
frequency. During the mixing process, silica particles were added
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gradually to prevent aggregation, as suggested in previous studies
[17,24,25]. Mixing was carried out in a temperature-adjustable
water bath to prepare suspensions (Fig. 1). In the study, the plan
to examine the effect of both the production method and the gap
between the plates in the rheological measurements is given in
Table 3.

Thermometer

Heat adjustable bath —

Polyethylene glycol

e Water

Fig. 1. Example of an image

Table 3. Sample production plan

Factors Mixture Ratio Method

PEG 300 20 % M (90 min)
Mixing + 20 % M+U

Aerosil150 (60+15 min)
20 % U (30 min)
Aerosil 150 M (0.2 mm)
Gap +PEG 400 25% M (0.3 mm)
Effect Aerosil 200 M (0.2 mm)
+PEG 400 M (0.3 mm)

3. Results and Discussion

The rheological properties of STFs have been determined
using the Anton Paar MCR 102 tension-controlled rheometer
shown in Fig. 2. The tests were carried out using a 25 mm
diameter parallel plate apparatus. During the testing process, the
liquids were placed in the interior between the upper and lower
measuring plates. The gap between the plates was chosen as 0.2
and 0.3 mm and all tests were carried out at 25 °C. Rheological
measurements were repeated 2 times for each sample in the range
of 0-1000 s-1 shear rate.

S

Fig. 2. Anton Paar MCR 102 Rheometer
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The variation of the complex viscosity of STFs produced by
different methods with shear rate is shown in Fig. 3. The best
results were obtained with mechanical mixing in STFs prepared
by ultrasonic (U), mechanical (M), both mechanical and
ultrasonic (M+U) methods.
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Fig. 3. Effect of production of STFs by different methods on
viscosity

In Figure 4, the effect of the spacing between the parallel
plates in the rheology equipment on the measurement results is
compared. When the test results of STFs samples prepared in
different compositions have been evaluated, it is seen that the gap
between the plates did not change the rheological measurements
much.

1000

—e— Aerosil 150 (%25) + PEG 400, Gap: 0.2 mm
Aerosil 150 (%25) + PEG 400, Gap: 0.3 mm
—&— Aerosil 200 (%25) + PEG 400, Gap: 0.2 mm
Aerosil 200 (%25) + PEG 400, Gap: 0.3 mm

100

0.1 1 10 100 1000
Shear rate (1/5)

Fig. 4. Effect of spacing between parallel plates on viscosity
measurements of STFs

4. Conclusions and Recommendations

According to the results obtained, the best performance in the
STFs produced was seen in the sample prepared with 6000 rpm
mechanical stirring for 90 minutes. According to the behavior of
the shear-thickening fluid, maximum stress and viscosity values
were reached at high shear speed. In the rheological measurement
results, it was determined that the performance of STFs increased
as the molecular weight of polyethylene glycol and the particle
diameter of the aerosil increased. The most ideal mixing ratio has
been obtained by adding 25% by mass of solid particles (aerosil).
In the measurements, it was observed that the gap change between
the parallel plates did not affect the rheological results of STFs
much. Besides, it is recommended to gradually add aerosil to the
high-speed mechanical mixing system in the prepared mixtures.
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