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Abstract
This article presents a study on the rheological behavior of shear thickening fluids (STF) produced with various dispers-
ing mediums selected according to their molecular weight, number of hydroxyl groups, branching and chain length. STF 
is non-Newtonian fluid behavior in which the increase in the viscosity increases with the applied shear rate. Polyethylene 
glycol 200, polyethylene glycol 400, 1,2-propanediol, tetraethyl orthosilicate, monoethanolamine, glycerin and diethylene 
glycol were used as the dispersing mediums. The steady-state rheological properties of STFs were investigated. After the 
rheological test, STF produced with glycerin with a concentration of 27.5% by weight gave better rheological results than 
STFs produced with other liquids. Although glycerin has a relatively low molecular weight, it appears that the rheological 
properties of glycerin are better because the STF produced with glycerin has three hydroxyl groups (3 OH−) in its structure. 
The critical shear rate of STF at 27.5% concentration by weight produced with glycerin is 2.39 1/s, and the peak viscosity 
is 732.4 Pa·s. Additionally, the weight concentration effect was also investigated. STFs were produced with polyethylene 
glycol 400 and 1,2-propanediol liquids at concentrations of 20%, 22.5%, 25% and 27.5% by weight. When the rheological 
properties of these STFs were examined, it was seen that the rheological properties improved as the concentration amount 
increased. For this reason, it may not be sufficient to consider only the molecular weight when choosing the dispersing 
medium during STF production. In addition to the molecular weight, it is necessary to consider the number of hydroxyl 
groups, branching and the chain length.
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1  Introduction

Shear thickening fluids (STFs), or dilatant fluids, are 
steady non-Newtonian fluids in which viscosity increases 
with shear rate [1, 2]. When the shear rate reaches a criti-
cal value, it exhibits a significant increase in viscosity and 
can be restored when the shear load is removed. [3, 4]. Due 
to these fluids reversible properties and excellent energy 
absorption and impact resistance capacities have been used 

in various high-tech fields, such as increasing the ballis-
tic and blade impact resistance of flexible body armor and 
industrial equipment [5–8]. Recently, many scientific studies 
have been conducted to understand the rheological behavior 
of STFs and to use them in engineering applications. Besides 
scientific articles, numerous patent applications utilize STFs 
in various fields, such as sports equipment, medical instru-
ments and machine assembly [9, 10].

The rheological behavior of STFs varies systematically 
according to numerous factors [11]. Among these factors, 
particle size, particle shape, dispersing medium and ambi-
ent temperature come to the fore [12–14]. The dispersing 
medium that makes up the STF significantly influences the 
rheological properties [15, 16]. When we look at the litera-
ture in general, it is seen that polyethylene glycol (PEG) is 
used as the dispersing medium [17, 18]. There are many 
varieties of PEG used to produce STF. PEG varieties are 
named according to their molecular weight. For example, 
it can be seen as PEG 200, PEG 400 and PEG 600 [19, 20]. 
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The viscosity of the dispersing medium is controlled by 
its molecular weight, and the higher its molecular weight, 
the higher the viscosity to be delivered. As the molecular 
weight of the dispersing medium in shear thickening fluids 
decreases, the critical shear rate will be higher. This means 
the shear thickening behavior will occur later [21, 22]. In 
the study conducted by Qin et al., it was observed that the 
critical shear deformation rate slightly decreased as the 
molecular weight of PEG increased. In contrast, the criti-
cal viscosity and thickening ratio increased [23]. In many 
studies, using PEG as a dispersing medium to obtain STF 
limits the variety of liquids that can be used. In addition, 
another disadvantage of the PEG preference is that the 
branching structure and hydroxyl group number are the 
same in PEG varieties, so the effect of these parameters is 
not understood. Selection processes were conducted only 
according to their molecular weights.

In addition to the molecular weights of the dispersing 
medium, it has been observed that the polymeric chain 
lengths, branching structure and hydroxyl group number 
of these fluids will affect the rheological behavior [24–27]. 
As seen in the study of Liu et al., the polymer chain length 
increases as the molecular weight of pure PEG increases. 
Long polymer chains cause interaction between particles. 
Therefore, it facilitates the aggregation of particles. Thus, 
particle clumps can be formed even at lower shear rates, 
reducing the critical shear rate [15, 16].

In the present study, we have selected various liquids in 
addition to PEG while considering other factors that may 
affect the dispersing medium, to enhance the diversity of 
the liquid phase. The effects of the selected dispersing 
medium on rheological properties will be compared.

2 � Materials and methods

2.1 � Materials

The properties of nano-silica (SiO2) particles used in 
the study are given in Table 1. Silica was obtained from 
Nanografi® (Turkey). Using scanning electron micros-
copy (SEM), Fig. 1 shows that the silicas have a spheri-
cal shape. The diameter of nano-silica particles varies 
between 55 and 75 nm (nm). Four different dispersing 
mediums were used in this study. Polyethylene glycol 

200, polyethylene glycol 400, 1,2-propanediol, tetraethyl 
orthosilicate, monoethanolamine, glycerin and diethylene 
glycol with molecular weights varying between 60 and 
400 g/mol were used as these medium liquids. The proper-
ties and chain structures of these dispensing mediums are 
given in Table 2.

2.2 � Preparation of STFs

Before producing the STF, nano-silica particles from the 
structures forming the STF were dried in a vacuum oven 
at 100 °C for approximately 12 h. It was observed that the 
silicas were mostly agglomerated by bonding among them-
selves when the production was attempted without drying. 
The moisture-absorbing property of silica can explain the 
reason for this. Silicas were added carefully and slowly into 
the dispersing mediums as a further step to prevent aggre-
gation (the silica bonding among themselves). The STFs in 
Table 3 were produced by mixing nano-silica and liquids 
with a mechanical mixer for approximately two hours. Con-
centration amounts by mass were adjusted with a precision 
balance. There are 20%, 22.5%, 25% and 27.5% nano-silica 
in these formed STFs. All produced STFs were heated in a 
vacuum oven for 20 min at 70 °C to remove air bubbles that 
occurred during production.

2.3 � Characterization of STFs

Rheological tests were carried out with Thermo-Haake Mars 
III at room temperature. C 354 Ti with a diameter of 35 mm 
and an angle of 4° was used as the measuring probe, and 
measurements were taken in a conical plate configuration. 
Analysis was started by placing an 0.8 ml sample between 
the cone and plate with an automatic pipette. Before begin-
ning the analysis, pre-shear was applied for 60 s at a low 
shear rate of 0.1 1/s to prepare the sample for measurement. 
After 60 s, the shear process started in the range of 0.1–1000 
1/s. After the measurements, “viscosity” and “shear rate” 
values were taken.

Fourier transform infrared spectroscopy (FTIR) was 
used to characterize the molecular bonding of the produced 
STFs. PerkinElmer brand 400 FT-IR/FT-FIR spectrometer 
spotlight was analyzed in the 400–4000 cm−1 wave number 
range using the 400-imaging system model.

Table 1   Technical properties of silica nanoparticles

Purity (%) Color Average 
particle 
size (nm)

Specific 
surface 
area 
(m2/g)

Bulk 
density (g/
cm3)

True 
density (g/
cm3)

Element analysis (%)

Fe Ca Ti Na

98.5 White 55–75 150–550  < 0.1 2.2 0.004 0.013 0.022 0.008
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3 � Results and discussion

3.1 � Rheological properties of STF

In the literature, polyethylene glycol (PEG), generally pre-
ferred in forming STF, exhibits a Newtonian behavior. How-
ever, when PEG bonds with silica particles, the thickening 

mechanism becomes active and exhibits non-Newtonian 
behavior [28–31]. This study used seven dispersing medi-
ums: polyethylene glycol 400 (PEG 400), polyethylene gly-
col 200 (PEG 200), 1,2-propanediol, tetraethyl orthosilicate, 
monoethanolamine, glycerin and diethylene glycol. The log-
arithmic scale rheological curves of the produced STFs are 
shown in Figs. 2, 3, 4, 5 and 6. In addition to PEG, six other 
dispersing mediums were preferred based on chain length, 

Fig. 1   SEM image of SiO2 
(silica) (55–75 nm)

Table 2   Properties of dispersing 
mediums [19, 43, 44]

Given letter Dispersing medium Molecular 
weight (g/
mol)

Density (g/cm3) Chain structure

A Polyethylene glycol (PEG) 400 1.13

B 1,2-propanediol 76.09 1.06

C Tetraethyl orthosilicate 208.33 0.94

D Monoethanolamine 61.08 1.01

E Polyethylene glycol (PEG) 200 1.12

F Glycerin 92.09 1.26

G Diethylene glycol 106.12 1.11
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hydroxyl group content, branching structure and molecular 
weight. The percent by mass of the produced STFs is shown 
in Table 3. First, STFs containing 20%, 22.5%, 25% and 
27.5% by mass silica were produced with PEG 400.

Shear thickening behavior with increasing shear rate 
is shown in Fig. 3. With the increase in shear rate, STFs 
produced with PEG 400 fluid first exhibited shear thinning 
behavior (decrease in viscosity). The release of hydroclus-
ters can explain the reason for this formation by bonding 
the dispensing medium and particle groups under a critical 
shear rate [32, 33]. In addition, it is known that the change 
in the concentration by mass of the nanoparticle forming the 
STF affects the rheological properties [34–36]. Consistent 
with the literature in the study, as the concentration of STFs 
formed with PEG 400 increases (from 20% to 27.5%), the 
critical shear rate decreases from 3.06 1/s to 1.78 1/s. This 
decrease shows that the shear thickening feature appears 
earlier. In addition, the peak viscosity value increases from 
31.9 Pa·s to 52.9.

The rheological properties of STF prepared with 1,2-pro-
panediol at 20%, 22.5% and 27.5% by mass are given in 
the graph in Fig. 3. As in the STF made with PEG 400, a 
decrease in the critical shear rate and an increase in the peak 
viscosity was observed with the increase in the concentration 
amount in this fluid. As the concentration by mass increased, 
the critical shear rate decreased from 474.9 1/s to 11.1 1/s. 
Peak viscosity increased from 3.93 Pa·s to 914.9 Pa·s.

When the STF produced with 1,2-propanediol has a con-
centration of 20% by mass and the STF produced with PEG 
400 with a concentration of 20% by mass, it is seen that the 
rheological properties of the STF produced with PEG 400 
are better. This can be explained by the fact that the molecu-
lar weight of PEG 400 (400 g/mol) is higher than that of 
1,2-propanediol (76.09 g/mol). As the mass concentration 
increased, the rheological properties of STF produced with 
both liquids improved, as shown in Fig. 4. When the concen-
tration value was increased from 20% to 27.5% by mass, the 

critical viscosity value of the STFs produced with both liq-
uids was compared. While the increase was 171.9% for PEG 
400, it was 1287.2% for STF produced with 1,2-propanediol.

Although the molecular weight of PEG 400 is 525.6% 
higher than 1,2-propanediol, the rheological properties of 
STF produced with 1,2-propanediol at a concentration of 
27.5% by mass are better. It is clearly seen that as the con-
centration amount increases, the shear thickening behavior 
in the STF created with 1,2-propanediol liquid becomes 
more pronounced. In Fig. 5, the rheological properties of 
STFs produced with PEG 200, PEG 400, glycerin, diethyl-
ene glycol and 1,2-propanediol media liquids with 27.5% 
concentration are compared. Among these liquids, glycerin 
has the lowest critical shear rate (2,39 1/s). In other words, 

Table 3   Rheological properties of produced STFs

STF Content Amount of silica by 
mass (%)

Sample names Critical shear 
rate (1/s)

Critical viscosity 
(Pa·s)

Maximum 
viscosity 
(Pa·s)

Silica (55–75 nm) + PEG 400 20 A20 184.1 1.78 31.9
Silica (55–75 nm) + PEG 400 22.5 A22 119.3 2.02 35.6
Silica (55–75 nm) + PEG 400 25 A25 103.9 2.65 39.2
Silica (55–75 nm) + PEG 400 27.5 A27 88.5 3.06 52.9
Silica (55–75 nm) + 1,2-propanediol 20 B20 474.9 0.94 3.93
Silica (55–75 nm) + 1,2-propanediol 22.5 B22 22.8 1.69 63.3
Silica (55–75 nm) + 1,2-propanediol 25 B25 15.6 3.13 134.5
Silica (55–75 nm) + 1,2-propanediol 27.5 B27 11.1 12.1 914.9
Silica (55–75 nm) + tetaethyl orthosilicate 20 C20 0.61 10.5 207.5

Fig. 2   Rheological properties of 20%, 22.5%, 25% and 27.5% by 
mass of STFs formed with PEG
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the shear thickening feature appeared earlier than other 
liquids.

The rheological properties of PEG 400 and diethylene 
glycol, which have the same number of hydroxyl groups, 
are compared in Fig. 5. It is seen that the peak viscosity of 
PEG 400 (52.9 Pa·s) is higher than that of diethylene glycol 
(15.3 Pa·s) due to the higher molecular weight of PEG 400 
than diethylene glycol (approximately 4 times).

The rheological properties of STFs produced with 20% by 
the mass concentration of PEG 400, 1,2-propanediol, tetra-
ethoxysilane (ethyl silicate) and monoethanolamine liquids 

are compared in Fig. 6. STF produced with monoethanola-
mine liquid could not exhibit shear thickening behavior. 
According to the graph, the viscosity of the liquid decreased 
as the shear rate increased. It showed shear thinning behav-
ior. Initial viscosity is also seen as the highest viscosity 
(537.5 Pa·s). STFs formed with the other three fluids showed 
shear thickening behavior. STF formed with tetraethoxysi-
lane (0.61 1/s) reached a critical value at a lower shear rate 

Fig. 3   Rheological properties of 20%, 22.5%, 25% and 27.5% by 
mass of STFs formed with 1,2-propanediol

Fig. 4   Rheological properties of STFs produced with PEG 400 at 
20% (A20) and 27.5% (A27) by mass and 1,2-propanediol 20% (B20) 
and 27.5% (B27) by mass

Fig. 5   Rheological properties of STFs containing 27,5% by weight 
nanoparticles produced with PEG 400 (A27), 1,2-propanediol (B27), 
PEG 200 (E27), glycerin (F27) and diethylene glycol (G27)

Fig. 6   Rheological properties of STFs containing 20% by weight 
nanoparticles produced with PEG 400 (A20), 1,2-propanediol (B20), 
tetraethoxysilane (C20) and monoethanolamine (D20)
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than STF formed with PEG 400 (184.1 1/s) and 1,2-propan-
ediol (474.9 1/s). However, it did not show a sudden increase 
in viscosity as in PEG 400 and 1,2-propanediol liquids. This 
is because the silica-formed STF in the tetraethoxysilane 
structure also activates the particle–particle and the parti-
cle-–liquid interactions. In other words, since the solution 
layer on the surface of the silica particles disappeared, a 
sudden increase in viscosity could not be observed because 
a complete hydrocluster was not formed [16].

3.2 � FTIR analysis results

The bonds formed by the STFs produced with a mass con-
centration of 20% using seven different dispersing medi-
ums in the wave number range of 400–4000 cm-1 are sup-
ported by FTIR analyses in Fig. 7. These seven liquids are 
polyethylene glycol 400 (A), 1,2-propanediol (B), tetra-
ethoxysilane (ethyl silicate) (C), monoethanolamine (D), 
polyethylene glycol 200 (E), glycerin (F) and diethylene 
glycol (G). Characteristic peaks of STF produced with liq-
uid A were observed at 948, 1110, 2871 and 3357 cm−1. Of 
these, the stretching vibrations at 1106 cm−1 belong to the 
C–O functional groups, while those at 3357 cm−1 belong 
to the O–H functional groups. The stretching vibrations 
at 2871 and 950 cm−1 correspond to the –CH2 groups of 
liquid A. The bands observed around 792 cm−1 are attrib-
uted to a Si–O–Si bending vibration [40, 41]. In the IR 
spectrum of liquid B, the absorption of the carbon–hydro-
gen (CH) sp3 group can also be seen in the range of 
2960 to 2850 cm−1. The peak of O–H functional groups 
was observed in 3348 cm−1. The common point of STFs 
formed with A, B, D, E, F and G fluids is that they peak 
around 3400 cm−1 in dispersing mediums. This proved that 
the hydroxyl group was present. [37, 42].

There is no hydroxyl group in the STF produced with liq-
uid C. Typical leading peaks between 2975 and 2880 cm-1 
represent C–H stretching in ester groups. The asymmetri-
cal bending of the C–H bonds explains the peaks between 
1443 and 1296 cm-1. The peaks at 1168 and 968  cm−1 
belong to the C–H swing. The ethoxy group attached to 
the silicon atom (Si–OCH2CH3) is characterized by peaks 
around 1100 cm−1 [43]. In the spectrum of STF produced 
with liquid D, the band at 1610 cm−1 is attributed to the 
amino group, and the band at 3175 cm−1 is attributed to the 
hydroxyl group [44].

3.3 � Influence of chain branching, chain length 
and hydroxyl group of dispersing media 
on the rheological property of STFs

The study shows that the rheological properties of STFs 
produced with polyethylene glycol 400 liquid at 20% con-
centration by mass are better than STFs produced with 

1,2-propanediol liquid at 20% concentration by mass. 
Although the molecular weight of 1,2-propanediol (76.09 g/
mol) is lower than that of PEG 400 liquid (400 g/mol), it has 
been observed that the rheological properties of the STFs 
produced with 1,2-propanediol are better when looking at 
the STFs at concentrations of 22.5%, 25% and 27.5% by 
mass. The reason for this may be that the 1,2-propanediol 
structure is in a branched form. It has been observed that 
the branched form blocks the movement of particles in the 
dispersing medium, enabling shear thickening behavior to 
occur earlier [42].

Another factor affecting rheological properties is the 
excess number of hydroxyl groups. When Fig. 5 is exam-
ined, it can be seen that the rheological properties of STF 
produced with Glycerin are better than other liquids. The 
main reason for this is that glycerin liquid contains more 
hydroxyl groups (3–OH) in its chemical chain, allowing it 
to form more bonds with silica. As shown in Fig. 8, silica 

Fig. 7   FTIR graphs of A (polyethylene glycol 400), B (1,2-propan-
ediol), C (tetraethoxysilane), D (monoethanolamine), E (polyethylene 
glycol 200), F (glycerin) and G (diethylene glycol) dispersing medi-
ums
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nanoparticles can form bonds with hydroxyl groups pre-
sent in the liquid. The chemical structure of glycerin con-
tains more hydroxyl groups compared to PEG 200, PEG 
400, 1,2-propanediol and diethylene glycol, which have 
two hydroxyl groups (2–OH). This indicates that there are 
more opportunities for these groups to combine with nano-
silica particles and form a network structure (hydroclusters) 
[37–39].

Tetraethoxysilane liquid does not contain hydroxyl 
groups, but its molecular weight (208.33 g/mol) is relatively 
high. This liquid reacts with silica dioxide (SiO2) to form 
orthosilicate esters. This reaction can occur under physical 
conditions such as temperature or pressure without adding 
catalysts. This reaction causes the silica dioxide to be bro-
ken down into monomer components, which combine with 
tetraethoxysilane liquid to form silicate polymer structures. 
It is the liquid with the highest molecular weight after PEG 
400 and has a relatively long chain length. As a rheological 
property, it showed shear thickening behavior earlier than 
other liquids. However, there was no usual sudden increase 
in viscosity.

Monoethanolamine liquid has the lowest molecular 
weight (61.08 g/mol) among the liquids used. It contains 
a hydroxyl and amine group in its structure. The hydroxyl 
group in the monoethanolamine liquid is potentially closed 
to bond with the nano-silica particle. Silica is a silicate com-
pound and contains hydroxyl groups, so it is possible to bond 
with silica. However, suitable conditions must be created for 
the monoethanolamine liquid to form a bond with the silica. 
The most important among these is the appropriateness of 
factors such as pH level, silica concentration, temperature 
and reaction time. If these conditions are not met, the bond 
will not be established. For this reason, STF produced with 
monoethanolamine liquid could not show shear thickening 
behavior. On the contrary, it exhibited shear thinning behav-
ior as the shear rate increased.

It is known that the dispersing medium affects the rheo-
logical properties as a result of changing the polymeric chain 
length [27]. In order to make a comparison, the rheological 
properties of STFs produced with PEG 200 and PEG 400 
liquids at 27.5% concentration by weight were examined, as 
shown in Fig. 5. STF produced with PEG 400, which has a 
longer polymeric chain, showed better rheological results 

than STF produced with PEG 200. When the results were 
examined, the peak viscosity of STF produced with PEG 
400 was 52.9 Pa·s, while the peak viscosity of STF produced 
with PEG 200 was 9.62. This means that the peak viscosity 
of STF produced with PEG 400 increased by 549.8% com-
pared to STF produced with PEG 200.

4 � Conclusion

In this study, various dispersing mediums were selected to 
increase the fluids' diversity while producing STF. These 
dispersing mediums were chosen by looking at the molec-
ular weight and considering the chain branching, chain 
length and hydroxyl group numbers. The contribution of 
STFs formed with these liquids to the rheological proper-
ties was investigated. The rheological results examined 
critical shear rate, critical viscosity and the highest vis-
cosity value. According to these results, despite having a 
relatively low molecular weight, the rheological properties 
of STFs produced with glycerin liquid at concentrations 
of 27.5% (critical shear rate of 2.39 1/s, max. viscosity 
of 732.4 Pa·s), which have a higher number of hydroxyl 
groups, are better than STFs produced with other dispers-
ing mediums.

STFs were produced with 1,2-propanediol liquid at con-
centrations of 20%, 22.5%, 25% and 27.5% by weight. It 
was observed that rheological properties improved when 
all parameters remained constant and the concentration 
by weight was increased 22.5% (critical shear rate of 22.8 
1/s, max. viscosity of 63.3 Pa·s), 25% (critical shear rate 
of 15.6 1/s, max. viscosity of 134.5 Pa·s), and compared to 
other concentrations, 1,2-propanediol liquid and 20% (crit-
ical shear rate 474.9 1/s, max. viscosity 3.93 Pa·s) concen-
tration of STF showed shear thickening later. This can be 
attributed to the fact that the hydroclustering mechanism 
is not fully formed in the entire structure since the initial 
viscosity is low. However, as its concentration increases, it 
forms more bonds due to the presence of hydroxyl groups 
in its structure and its branched structure. This situation 
revealed the hydrocluster mechanism more prominently.

STF produced with liquid C has a relatively high molec-
ular weight (208.33 g/mol), but does not contain hydroxyl 
groups. Compared to other liquids, STF produced with 
liquid C showed the thickening property at the lowest 
shear rate (0.61 1/s). Here, long silicate polymer structures 
have been the highlight of the C fluid. However, liquid C 
did not show a sudden increase in viscosity at the critical 
shear rate. If only the molecular weight of the dispersing 
medium was considered, it was expected that the improve-
ment in the rheological properties of the STFs produced 
with A liquid would be higher as the mass concentra-
tion increased. However, it has been observed that the 

Fig. 8   Schematic representation of the bond between silica and the 
hydroxyl group of the dispersing medium
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improvement in the STFs produced with B liquid is higher. 
Considering the critical viscosity value, the increase was 
171.9% for STF produced with liquid A, while 1287.2% 
for STF produced with liquid B.

It has been observed that the dispersing medium with 
longer polymeric chain length improves the rheological 
properties. It was determined that PEG 400 increased the 
peak viscosity by 549.8% compared to PEG 200.
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