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Abstract

In this study, shear thickening fluid (STF) samples with different mass fractions were prepared by uniformly dispersing
high-purity spherical silica powder in the polyethylene glycol (PEG) medium using the ball milling process. The influence
of nano-particles on the shear and compression thickening effects of the STF dispersion system was investigated through
the addition of fumed silica. Furthermore, the ball milled carbonyl iron powders (CIPs) with different particle sizes were
dispersed uniformly in the STFs to prepare magnetorheological-STF (MR-STF) samples. The rheological properties of the
developed STF and MR-STF samples were studied experimentally through a rheometer, and the results show that a lower
temperature leads to a more obvious shear thickening effect of the STFs and that a smaller critical shear rate value promotes
this effect. A higher content of silica powder also causes a more significant shear thickening effect of the STFs. Moreover,
the addition of nano-fumed silica can significantly enhance the shear thickening effect, and the transition from continuous to
discontinuous STFs can be realized by increasing the fumed silica mass fraction. Similarly, higher contents of silica powder
and nano-fumed silica in the compression mode result in a more obvious thickening effect. In addition, the size of the CIP
particles and the magnetic field strength directly affect the shear thickening effect of the MR-STFs. Specifically, under the
same ferromagnetic particle mass fraction, the larger the CIP particles, the higher the applied magnetic induction intensity.
Although a significant MR effect can be obtained, a certain inhibitory weakening effect is produced for the shear thickening
behavior of the MR-STFs. Finally, considering the results in combination with the hydro-clustering and jamming theories,
a mechanism was established to reveal the influence of different silica powder contents and nano-fumed silica fillings on
the shear and compression thickening effects of STFs. Besides, a mechanism was proposed for the inhibition of the shear
thickening effect of the MR-STFs by the ordered structures formed by CIP particles of different sizes in a magnetic field.
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Introduction digest the external force, showing obvious characteristics

of non-Newtonian fluids. After the removal of the external

Shear thickening fluids (STFs) are a new type of intelli-
gent material usually consisting of stable submicron spheri-
cal particles uniformly dispersed in a suspension system
comprising ethylene glycol, polyethylene glycol (PEG),
and other dispersion media. Under normal conditions, STF
materials behave as fluids. Once they experience high-speed
impact or compression, their viscosity rises sharply, and they
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force, the materials return to their initial fluid state, which
manifests their strong ability to absorb impact. The shear
thickening effect of STFs is sensitive to the shear strain
rate and, therefore, does not require an applied magnetic or
electric field for operation, as is the case for magnetorheo-
logical (MR) and electrorheological (ER) materials. Devices
developed using these materials are passive; therefore, STFs
have promising applications in structural vibration control in
engineering [1-3], human protection [4-6], and other fields.

STFs have attracted worldwide attention due to their
unique mechanical properties, and the research hotspots
mainly focus on the factors influencing the properties of STF
materials and the shear thickening mechanism. Researchers
have found that the material properties [7-10], mass fraction
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[11, 12], and size and shape [13, 14] of the dispersed par-
ticles and the type of dispersion media [15—18] are the key
factors influencing the shear thickening effect of STFs. Fur-
thermore, the pH value of the suspension system [19] and
external influences such as the temperature [20-24], loading
conditions [25], and various types of additives [26—-29] have
a significant influence in this regard, where suitable addi-
tives can remarkably enhance the effect.

Targeting the working mechanism of the shear thicken-
ing of STFs, researchers have proposed theories such as the
order—disorder transition (ODT) [30, 31], hydro-clustering
[32, 33], and jamming [34] theories. At its core, Hoffman’s
ODT theory states that at a relatively low shear rate, the
STF suspension system fails to generate the thickening effect
due to the ordered layered structure of the internal parti-
cles, but as the shear rate increases, the lamellar structure
of the particles is destroyed, resulting in a sharp rise in the
STF viscosity. According to the hydro-clustering theory
by Wagner and Brady, the shear thickening effect of STFs
arises because particles overcome intermolecular forces and
Brownian motion under fluid dynamics and subsequently
form particle clusters. Using the small-angle light scatter-
ing (SALS) technique [35, 36], Crawford found that large
particles formed during the shear thickening phenomenon
are 2-3 pm in size and can be considered clusters result-
ing from the accumulation of small particles. The jamming
theory mainly states that dispersed particles at higher mass
fractions are subject to relatively weak Brownian motion
and have more contact with each other. When the shear rate
reaches a certain critical value, flow jamming occurs inside
the STF, followed by a sharp increase in viscosity. In addi-
tion, existing research results have revealed that over a wide
shear rate range, an STF usually undergoes three stages of
transformation [37]—shear thinning, shear thickening, and
shear thinning—as shown in Fig. 1. Specifically, 5, denotes
the initial viscosity, (7,, #.) denotes the critical point mark-
ing the change from shear thinning to shear thickening, and
(Fmax> Nmax) denotes the critical point indicating the change
from shear thickening to shear thinning. In terms of the shear
thickening effect of STFs, one should mainly note the loca-
tion of the critical point (7,, #.) and the increase in the mag-
nitude of the viscosity to the maximum value at 7,,,,, #max-

Considering the similarity between an STF and an MR
fluid (MRF) as a dispersion system composed of particles
and a carrier liquid, Zhang et al. [38] first dispersed fer-
romagnetic particles in an STF in a certain proportion and
synthesized a novel MR-STF dispersion system display-
ing an MR effect. After investigating the effects of differ-
ent mass fractions of ferromagnetic particles on the shear
thickening effect of an MR-STF, Sokolovski et al. [39]
found that a higher content of ferromagnetic particles con-
tributes to a better MR effect, while the shear thickening
effect of the MR-STF is inhibited to a certain extent. Yang
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Fig. 1 Viscosity characteristic zones of the three STF stages [37]

et al. [40] developed and tested a linear damper filled with
an MR-STF with a ferromagnetic particle content of either
20% or 80%—the results showed that the former presents
better MR and shear thickening effects and that the lat-
ter is similar to traditional MR dampers in performance.
In another study, Liu et al. [41] developed an MR-STF
with ferromagnetic particle mass fractions in the range of
10-70% and tested automobile shock absorbers with this
MR-STF and a commercial MRF containing the same frac-
tions. The test results indicated that a better damping force
can be obtained by filling the automobile shock absorbers
with the self-developed MR-STF.

At present, several studies continue to focus on STFs
or MRFs alone, while multifunctional MR-STFs based
on their combination are seldom researched. Thus, the
development of novel materials integrating two or more
functions becomes an important direction for future devel-
opment in the smart material sector. In this paper, high-
purity spherical silica powder was used as the dispersed
phase and PEG as the dispersion medium to prepare STFs
with different dispersed phase mass fractions via the ball
milling process. The effects of temperature and two sizes
particle grade formed by adding fumed silica on the posi-
tion of the critical point and the shear and compression
thickening effects of the STFs were explored. Moreover,
through the addition of soft magnetic particles of different
sizes, the effects of ferromagnetic particle size and mag-
netic field intensity on the shear thickening of MR-STFs
with the same ferromagnetic particle mass fractions were
investigated. Based on the experimental results, models
were then constructed to reveal the working mechanisms
underlying (1) the effects of different silica powder con-
tents and the addition of fumed silica on the thickening
of the STFs and (2) the impact of ferromagnetic particle
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size and magnetic field intensity on the shear thickening
of the MR-STFs.

Materials and methods
Experimental materials

The main materials used in the experiments were silica pow-
der (average particle size: 500 nm, Suzhou Nanodispersions
Co., Ltd.) as the dispersed-phase particles, PEG-400 and
absolute ethanol (Sinopharm Chemical Reagent Co., Ltd.)
as the dispersion media, M-5 fumed silica (average primary
particle size: 12 nm, Sinopharm Chemical Reagent Co.,
Ltd.) as the nano-additive, and carbonyl iron powder (CIP)
particles (average particle size: 3.5 pm, Fe content: 98.1%,
specific saturation magnetization: 177.1A-m%kg, Jiangsu
Tianyi Ultra-Fine Metal Powder Co., Ltd.).

Preparation process

Herein, the STF suspension system was prepared through
ball milling and dispersion in a ball mill, as shown in Fig. 2a.
The specific procedures are described as follows:

{PEG-400;  :Sphericalsilica powder:

A M mp [

=

Mill pot

Stir for 15min

Mill for 6h,12h,24h,36h,48h,60h,72h,respectively

® —> Steel ball (d=12mm)
o —> Steel ball (d=6mm)

N B

| PEG-400! [Spherical silica powder, ICIPs after milling!

\ 2

1. High-purity silica powder and PEG-400 were weighed
in a certain proportion, mixed, and stirred in an electric
mixer for 15 min. Subsequently, a certain mass fraction
of M-5 fumed silica was added to the mixed suspen-
sion system of selected samples, which was stirred for
another 15 min in the electric mixer.

2. The uniformly stirred solid-liquid suspension system
was then placed into a mill pot, followed by the addition
of large and small steel balls (with diameters of 12 and
6 mm, respectively) in the numerical ratio of 1:5.

3. The mill pot was securely placed in an SHQM double
planetary ball mill, with a rotational speed of 100-
150 m/min, followed by a 30-min comprehensive grind-
ing process to ensure that the dispersed-phase particles
were uniformly dispersed in the suspension system.

4. After grinding, the mixed sample was vacuumized to
remove air bubbles and obtain an STF sample with com-
plete and uniform dispersion.

To explore the effects of soft magnetic particles on the
rheological properties of STFs, CIP particles of different
sizes were also generated by the ball milling process, and
four dispersed-phase types of MR-STF samples were pre-
pared. The procedure is illustrated in Fig. 2b and described
as follows:

Vacuumize

‘Mill for 30min -

Fabricated STF

()

Mill for 30min
== .
i Vacuumize !
Mill pot

®—> Steel ball (d=12mm)
o—> Steel ball (d=6mm)

Fabricated MR-STF

(b)

Fig.2 Preparation process of a STF samples and b MR-STF samples with different CIP particle sizes
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1. CIP particles (initial particle size: 3.5 pm) and absolute
ethanol (dispersion medium) were weighed in propor-
tion and placed in a mill pot. Large and small steel balls
with the same diameters and numerical ratio as those in
the STF sample preparation were then added to the mill
pot.

2. The mill pot was securely placed in the SHQM dou-
ble planetary ball mill operating at a rotational speed
of 200-250 m/min. Subsequently, ball milling was per-
formed for 6, 12, 24, 36, 48, 60, and 72 h, respectively,
for the different samples.

3. The resultant ground CIP samples were then dried in a
high-temperature drying oven to prepare different sizes
of CIP particles.

4. High-purity silica powder, CIP particles of different
sizes, and PEG-400 (dispersion medium) were weighed
in proportion, mixed, and stirred in an electric mixer for
15 min. The soft magnetic particles selected herein were
the 3.5 pm CIP particles (not ball milled) and those ball
milled for 6, 24, and 60 h.

5. Each uniformly stirred solid-liquid suspension system
was transferred to a mill pot, followed by the addition
of large and small steel balls with the same diameters
and numerical ratio as in the previous procedures. The
mill pots were securely placed in the SHQM double
planetary ball mill, operating at a rotational speed of
100-150 m/min, followed by a 30 min comprehensive
grinding process to ensure uniform dispersion of the
particles in the suspension system.

6. After grinding, the mixed samples were vacuumized to
remove air bubbles and yield MR-STF samples with full
and uniform dispersion.

In these experiments, 10 groups of STF and 4 groups
of MR-STF samples were prepared, respectively, the main
components and particle mass fractions of which are pro-
vided in Table 1. The mass fraction of the dispersed-phase
CIP particles in the MR-STF samples was 5%.

Property characterization

To measure the particle size distribution of the CIPs after ball
milling, a testing device based on the D8 Advance X-ray dif-
fractometer was assembled, as shown in Fig. 3a, c. Accord-
ing to the scanning electron micrograph of the CIP particles
in Fig. 3b, the ferromagnetic particles displayed relatively
obvious spherical characteristics. In Fig. 3d, the particle size
distribution of the CIP ball milled for 24 h reveals a normal
distribution at a particle size of 600 nm. The particle size dis-
tribution of CIPs ball milled for different times is shown in
Fig. 3e; one can easily note that with the increase in the ball
milling time, the size of the ferromagnetic particles decreases
from the initial 3.5 pm to 300 nm after 72 h of ball milling.
Here, the particle sizes of 1350 and 360 nm corresponding to
6 and 60 h of ball milling, respectively, were selected.

The rheological properties of the prepared STF and MR-
STF samples were tested and analyzed with the MCR302
rotational rheometer system, composed of an MCR302
rheometer (host), a magnetic field excitation module
(magnetic field device), and a temperature control device
(DC-2006 low temperature constant temperature bath,
temperature range —20—-100°), as shown in Fig. 4. In these
experiments, the rotational speed of the PP20 parallel plate
rotor was adjusted to gradually increase the shear rate from
0 to 50 s~!. The correlation between the apparent viscosity

Table 1 Main components and

. ; Sample no. Silica powder PEG-400 M-5 CIP Mass fraction (dispersed-phase particles)

mass fracgons Qf dispersed- (fumed

phase particles in STF and silica)

MR-STF samples
STF-1 31.85¢g 2000g \ \ 61.4%
STF-2 36.00 g 2000g \ \ 64.3%
STF-3 40.87 g 2000g \ \ 67.1%
STF-4 43.64 ¢ 2000g \ \ 68.6%
STF-5 46.67 g 2000g \ \ 70%
STF-6 50.00 g 2000g \ \ 71.4%
STF-6-A 4940 ¢g 2000g 06¢g \ 71.4%, including M-5-0.86%
STF-6-B 49.00 g 20.00 g lg \ 71.4%, including M-5-1.43%
STF-6-C 4850 g 20.00 g 15¢g \ 71.4%, including M-5-2.14%
STF-7 53.68 g 2000g \ \ 72.9%
MR-STF-Oh  50.00 g 2000g \ 3.68g 72.9%, including CIP-5%
MR-STF-6h  50.00 g 2000g \ 3.68g 72.9%, including CIP-5%
MR-STF-24h 50.00 g 2000g \ 3.68g 72.9%, including CIP-5%
MR-STF-60h  50.00 g 2000g \ 3.68g 72.9%, including CIP-5%
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Fig.3 a D8 Advance X-ray diffractometer, b scanning electron micrograph of a CIP sample, ¢ testing device of particle size distribution, d parti-
cle size distribution of the CIP after ball milling for 24 h, and e change law of particle size distribution of CIPs with ball milling time

and the shear rate of the STFs was subsequently analyzed to
characterize the shear thickening effect of the STFs. Moreo-
ver, the MCR302 rotational rheometer system was used to
perform a vertical static compression test to characterize
the thickening effect of the STFs in the compression mode.
In such a system, the magnetic field excitation module can
generate a continuously adjustable magnetic field intensity,
thus allowing one to test the MR effects of materials such as
MREFs. In this paper, the rheological properties of MR-STF
samples under the action of different magnetic field intensi-
ties were mainly characterized.

Results and discussion

Shear rheological properties

Experimental results and analysis

In the experiment, the different testing temperatures could
be maintained through circulating water controlled by the
DC-2006 low temperature constant temperature bath. The

flow curves of the apparent viscosity and shear stress of
sample STF-7 against the shear rate at different temperatures

are plotted in Fig. 5. PEG-400, as the carrier material of
the STFs, is sensitive to temperature to a certain extent; the
lower the temperature, the more obvious the shear thicken-
ing effect of the STF. The results mainly show that the larger
the initial viscosity 7, the smaller the values of the shear
rate at the critical points, 7, and y,,,,, and the larger the peak
viscosity value 7,,,,. In STF-7, a peak viscosity of 885 Pa-s
and a maximum shear stress of 30 kPa were obtained at 16
C.

To further quantify the influence of temperature on the
shear thickening effect of STF-7, the ratio #,,,,/n. was used
as a key index to measure the shear thickening effect. The
changes in the critical shear rate values (7, and 7,,,,) and the
shear thickening effect #,,,./n. of STF-7 with temperature
are shown in Fig. 6. It is evident that, on the one hand, the
critical shear rate values increase with the rise in tempera-
ture. For example, at 16 °C, STF-7 exhibits shear thickening
behavior when the shear rate is 2.07 s™!, while the viscos-
ity peak is reached at a shear rate of 22.6 s~! as the sample
starts to enter the shear-thinning zone. At 35.2 °C, it does
not enter the shear-thickening zone or reach the peak vis-
cosity within the test area before the shear rates y, and y,,,,,
reach 8.35 and 50 s, respectively. On the other hand, as the
temperature increases, the shear thickening effect of STF-7
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Fig.4 MCR302 rotational
rheometer system

MCR-302 Rheometer |
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(Structure schematic diagram)

Magnetic field device

Temperature control device

gradually decreases from 19.45 to 7.97. Hence, temperature
is a crucial factor influencing the shear thickening effect
and critical points of STF materials. At higher temperatures,
the Brownian motion of the particles is more obvious, and
the intermolecular forces can effectively overcome the vari-
ation in the spatial structure due to the changing shear rate.
In contrast, at lower temperatures, the Brownian motion is
weaker, and it is difficult for the intermolecular forces to
overcome the variation in the spatial structure triggered by
the shear rate. Thus, the shear thickening effect becomes

1000
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800 [—v— Tem30.3°C
700
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Viscosity |Pa-s|
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0 10 20 30 40 50
Shear Rate [1/s]
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more obvious at lower temperatures, and the critical transi-
tion phenomena occur at earlier stages.

Figure 7 shows the flow curves of the apparent viscosity
and shear stress of the STF samples (with different silica
powder mass fractions) against the shear rate at a constant
temperature. In the shear rate range of 0—50 s~!, almost no
shear thickening effect is observed in samples STF-1 and
STF-2, containing silica powder mass fractions of 61.4 and
64.3%, respectively. As the silica powder mass fraction
increases, the shear thickening effect of the STFs becomes

35

—o— Tem16°C
30 F —— Tem20.8°C
—o— Tem25°C

T B o Tem303°C
1: 0
=2 Tem35.2°C
@n

=
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(b)

Fig.5 Influence of temperature on the shear thickening effect of STF-7: a correlation between viscosity and shear rate and b correlation between

shear stress and shear rate
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more obvious. At a particle mass fraction of 72.9% in STF-7,
the apparent viscosity and shear stress experience a sharp
rise with the increase in the shear rate, and the maximum
viscosity and shear stress reach 406 Pa's and 17.7 kPa,
respectively. Moreover, except for STF-7, the STF samples
all reach their peak viscosity at 50 s~! within the testing
interval between 0 and 50 s™', and further shear thinning
might be observed over a wider shear rate range.

Figure 8 depicts the flow curves of the apparent viscos-
ity and shear stress against the shear rate for STF samples
with different mass fractions of M-5 fumed silica at a con-
stant temperature. One can observe that at a shear rate of
50 s, samples STF-6 and STF-6-A, B, and C (with the
added M-5) all reach the peak viscosity values within the

Shear Rate [1/s]

()

test range. Figure 8 indicates that the addition of a small
amount of fumed silica can significantly improve the shear
thickening effect of STFs. At a constant silica particle mass
fraction, samples STF-6-A, B, and C (with M-5 contents
of 0.86, 1.43, and 2.14%, respectively) display increases of
90.1, 146.1, and 277.1 Pa‘s in the maximum apparent viscos-
ity and increases of 4.6, 7.4, and 13.9 kPa in the maximum
shear stress, respectively, compared with STF-6 (with no
added M-5).

Shear thickening mechanism

The parameters of different STF types can be fitted to the
power law equation t=K7“, and the obtained non-Newtonian

20

—
]

—
(=]

Shear Stress [kPa]

7]

Shear Rate [1/s]

(b)

Fig.7 Influence of different silica powder mass fractions on the shear thickening effect of STFs at a constant temperature of 23 °C: a correlation
between viscosity and shear rate and b correlation between shear stress and shear rate
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Fig. 8 Influence of M-5 fumed silica on the shear thickening effect of STFs at a constant temperature of 23 °C: a correlation between viscosity

and shear rate and b correlation between shear stress and shear rate

coefficient a can be applied to quantitatively distinguish the
STF types [13]. In terms of STFs, a is usually larger than
1, and larger a values lead to more obvious non-Newto-
nian behavior. Moreover, 1 <a <2 corresponds to continu-
ous STFs, while a > 2 corresponds to discontinuous STFs.
Through the fitting procedure, all the STF samples in this
study were classified, as shown in Fig. 9a. At a low silica
powder mass fraction, for example, STF-1 and STF-2, the a
value is close to 1, and the STFs approximate a Newtonian
fluid. With the increasing silica powder mass fraction, the
non-Newtonian characteristics of the STFs become more
obvious. Specifically, STF-3, STF-4, STF-5, STF-6, and
STF-6-A, the a values of which are between 1 and 2, are
continuous STFs. STF-7, with a silica powder mass frac-
tion of 72.9% and an a value greater than 2, belongs to the

o,
STF-7 d 232

M-5-2.14%
STF-6-C i —  2.24

M-5-1.43%
STF-6-B N 2.0

M-5-0.86%

Non-continuous STF
STF-6-A 8

STF-6

STF-5

68.6%
STF-4
STF-3 Continuous STF

STF-2

61.4% Newtonian Fluid 0.9’
STE-1 Non-Newtonian coefficient a

0 0.5 1 15 2 25

(@)

discontinuous STF group. The transition from continuous to
discontinuous STFs can be achieved by adjusting the M-5
fumed silica content. For instance, when the mass fraction of
the added M-5 reaches 1.43 and 2.14% in STF-6-B and STF-
6-C, respectively, the a values of these STFs become greater
than 2, indicating the transitioning of these two samples to
discontinuous STFs.

Similarly, for samples STF-3 to STF-6, which display an
observable shear thickening effect, as the silica powder mass
fraction increases from 67.1 to 71.4%, the critical shear rate
7. gradually decreases, as shown in Fig. 9b. Specifically, the
7. values, stimulated by the shear thickening, decrease from
8.92 t0 3.52 s~!, and when the silica powder mass fraction
reaches 72.9%, 7, continues to decrease to 2.89 s~!. The 7,
values also gradually decrease with increases in the mass

Shear rate [1/s]
193139 SuUTUNIIY) 1BIYS

STF-3 STF-4 STF-5 STF-6

STF-6-A STF-6-B  STF-6-C STF-7
71.4% M-5-0.86% M-5-1.43% M-5-2.14% 72.9%

(b)

67.1% 68.6% 70%

Fig.9 a Classification of continuous and discontinuous STF types and their non-Newtonian coefficients a and b the shear thickening effect of
STFs with different mass fractions of silica powder and M-5 fumed silica and the change law of the critical shear rates.
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Fig. 10 Shear thickening mechanism of STFs with a low and b high silica powder mass fractions and with ¢ the addition of fumed silica

fraction of the M-5 fumed silica; for STF-6-C, with an M-5
mass fraction of 2.14%, y,.is 4.6 s~!. When the silica powder
mass fraction rises from 67.1 to 72.9%, the shear thicken-
ing effect, as measured by #,,,,/7,, increases substantially
from 1.38 to 13.36. Similarly, as the mass fraction of M-5
increases from STF-6 (with no M-5) to STF-6-C, the shear
thickening effect increases significantly from 3.96 to 13.28.

To better describe the shear thickening mechanisms of
STFs with different silica powder mass fractions and the
influence of fumed silica in this regard, a theoretical mecha-
nism was proposed herein (Fig. 10). At a low silica powder
content (Fig. 10a), the silica powder is uniformly dispersed
in PEG-400 in the initial state. When the shear rate is very
low, the disturbed equilibrium of the dispersion system can
quickly return to the initial state under the action of Brown-
ian motion and intermolecular forces, with the system show-
ing a low and stable viscosity. With the gradual increase in
the shear rate, the stress generated between the dispersed
particles becomes greater than the forces between them. In
this case, the dispersion system fails to completely overcome
the changes in the system’s spatial structure due to external
influences. Thus, the particles form a layered structure under
the action of fluid dynamics, resulting in shear thinning. As
the shear rate further rises to the critical shear rate y,, the

fluid force becomes evidently larger than the intermolecular
forces between the particles and the Brownian motion, con-
tributing to the formation of relatively unstable functional
groups, that is, clusters. Subsequently, the viscosity grows

30

—o— 150pm/s
—4— 200pm/s
—o0— 250pm/s
—— 300pm/s
—0— 350pm/s
—<+— 400pm/s

25

15

Normal Force Fy [N]

Fig. 11 Compression rheological properties of sample STF-7 at dif-
ferent compression rates in a constant temperature environment of
23°C
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significantly, ultimately leading to shear thickening. At a
high silica powder content (Fig. 10b), because of the insta-
bility of clusters, the fluid force between the clusters further
accumulates and leads to local jamming. Under the appli-
cation of shear forces, the jamming gradually expands and
spreads, completely preventing the flow of the suspension
system. In other words, the shear force triggers the jamming,
as manifested at the macroscopic level by a sharp increase
in viscosity. For instance, when the particle mass fraction
reaches 72.9%, the viscosity of STF-7 changes across orders
of magnitude, with the sample possibly experiencing a “liq-
uid—solid” transition. Regarding the addition of fumed silica
to the STF samples (Fig. 10c), due to the large difference
between the particle sizes of silica powder and fumed silica,
the latter can effectively fill the gaps between the clusters
formed by the silica powder particles. Thus, these clusters
become denser, the jamming is more obvious, and the shear
thickening effect is effectively enhanced.

Compression rheological properties
Experimental results and analysis

In this study, the compression thickening effect was meas-
ured based on the magnitude of the normal force generated
when the STFs were subjected to vertical compression at
the corresponding plate spacing. Figure 11 depicts the nor-
mal force—spacing curves of STF-7 at different compres-
sion rates in a constant temperature environment, with the
initial plate spacing set at 1 mm. As shown in Fig. 11, the
STF sample also presents a thickening or hardening effect
when it is under a loading of positive effect, witnessing a

” —o— STF-1

Normal Force Fy [N]
n S

10

more prominent thickening effect and larger normal forces
with increases in the compression rate. At a comparatively
low compression rate (150 pm/s, for instance), the STF
sample gradually generates a normal force only when the
plates have been compressed to a spacing of approximately
0.65 mm rather than generating it immediately. A higher
compression rate gives rise to a larger spacing for the gen-
eration of the normal force; this spacing approaches 1 mm
when the compression rate reaches 400 pm/s.

Figures 12a, b depict the normal force—spacing curves
of the STFs with different silica powder mass fractions and
those with different fumed silica contents at the compres-
sion rate of 450 pm/s and under a constant temperature
environment, with the initial plate spacing set to 2 mm.
The thickening effect of the STFs is more apparent at a
higher silica powder mass fraction. The plate spacing
at which the samples start to generate a normal force is
approximately 1.1 mm for STF-7, with a particle mass
fraction of 72.9%, but decreases as the particle mass frac-
tion drops. The addition of fumed silica, however, does
not alter the plate spacing at which the normal forces of
the samples start to emerge. Furthermore, though a normal
force can be generated at a plate spacing of approximately
1.0 mm under the aforesaid two circumstances, the addi-
tion of fumed silica can significantly amplify the normal
force of the STF samples as effectively as it increases the
shear thickening effect. This means that the addition of
fumed silica can effectively improve the compression
thickening effect of the STFs, leading to a more apparent
thickening effect at a higher fumed silica content.
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Fig. 12 Compression rheological properties of STF samples with different a silica powder and b fumed silica contents at a compression rate of

450 pm/s and a constant temperature of 23 'C
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Compression thickening mechanism

The thickening mechanism of the STFs with different silica
powder mass fractions and fumed silica contents under com-
pression is presented in Fig. 13. The silica powder is evenly
dispersed in PEG-400 at the initial stage. As the compres-
sion starts, the vertical space of the dispersion system is
gradually compressed under the action of the external force
due to a gradual reduction in the plate spacing, leading to
the spreading of the silica powder particles under the acting
force of fluid dynamics. At a lower silica powder mass frac-
tion (Fig. 13a), the comparatively smaller number of parti-
cles gradually gather into clusters under the action of fluid
dynamics. Jamming might occur locally as the compression
continues. Given the small number of particles, a normal
force can be generated only when the vertical space has been
compressed to a certain extent. At a higher silica powder
mass fraction (Fig. 13b), however, due to the greater number
of particles, the motion of the particles is more pronounced
under the action of fluid dynamics as the vertical space is
compressed, making it easier for them to cluster. Conse-
quently, jamming occurs and can even escalate into complete
blockades with no particle flow, substantially enhancing the
normal force as a result. This explains why a normal force
can be generated earlier at a larger plate spacing in the case
of a higher silica powder content. The impact of the addi-
tion of fumed silica is reflected more in compensating for

the spacing between the clusters formed by the silica pow-
der particles, which enhances the compactness and, thus,
increases the magnitude of the normal force (Fig. 13c). In
the entire dispersion system, however, the particle mass
fractions remain constant; the difference lies only in the
reduction in the amount of silica powder and its replace-
ment by fumed silica. As a result, the plate spacing for the
generation of the normal force remains essentially the same.
Furthermore, the value of the compression rate serves as a
determinant of how rapidly the vertical space is reduced. A
larger compression rate implies greater fluid dynamics that
render a higher possibility of shattering the intermolecular
forces between and Brownian motion of the silica powder
particles and consequently promoting their clustering in a
shorter time and the generation of a normal force from the
subsequent jamming.

MR-STF rheological properties
Experimental results and analysis

In this study, CIP particles ball milled for different durations
were evenly dispersed in STFs to explore the influence of
different sizes of ferromagnetic particles on the shear thick-
ening effect of STFs. CIP, a common filling material for MR
materials, such as MRFs and MR elastomers (MREs), can
generate an MR effect in a magnetic field for adaptation to

Clusters
(a)
Thickening Thickening
Low silica powder content Compress rate increase
Jamming
>
(b)
~ A LY
Thickening Thickening
High silica powder content Compress rate increase
Jamming
>
()
O
+

Fumed silica added

Thickening

Fig. 13 Compression thickening mechanism of STFs with a low and b high silica powder mass fractions and with ¢ the addition of fumed silica
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Fig. 14 Changes in the viscosity
of the MR-STFs with the mag-
netic field and shear rate and
change laws for the MR effect
(Mvio.45/Mwo» Ted two-dimen-
sional bars), shear thickening
effect (7,.max/M.)> and degree of
shear thinning (r/5.): a MR-
STF-60 h filled with 360-nm
CIP particles, b MR-STF-24 h
filled with 600-nm CIP parti-
cles, ¢ MR-STF-6 h filled with
1.35-pm CIP particles, and d
MR-STF-0 h filled with 3.5-pm
CIP particles
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excitation from external environments. Therefore, its appli-
cation enjoys a bright prospect in the field of semi-active
vibration control. The addition of soft magnetic particles
of CIP to STFs leads to a new type of MR-STF that pos-
sesses a dual regulatory mechanism and that displays both
the shear thickening and the MR effects under the actions
of the external excitation rate and magnetic field. As con-
cluded in relevant studies, the mass fraction of CIP particles
has a notably significant impact on MR-STFs. A higher CIP
content is associated with an apparent MR effect but a com-
paratively low shear thickening effect; in other words, MR-
STFs under such conditions can be regarded as equivalent
to MRFs in effectiveness. At a low CIP content, however,
the material manifests a better shear thickening effect in a
weaker magnetic field environment. The impact of different
CIP particle sizes on the shear thickening effect of STFs was
explored as the focus of this study. Since using high CIP
mass fractions was not suitable, the mass fractions of the
CIPs with different particle sizes were all set to a constant
value of 5%.

The CIPs—including one sample that was not ball milled
(3.5 pm) and samples ball milled for 6 h (1.35 pm), 24 h
(600 nm), and 60 h (360 nm)—were added to STFs with
a silica powder mass fraction of 71.4%. The silica powder
particle size was 500 nm; in comparison, the largest CIP
particle size was approximately seven times larger, while
the sizes of the nanoscale CIP particles were close to that
of the silica powder particles. Figure 14 presents the rheo-
logical properties of the four MR-STF samples under the
combined actions of the excitation rate and magnetic field,
where the loaded magnetic induction intensity ranged from
0 to 0.45 T while the loaded shear rate was between 2.07 and
50 s~!. Under the condition of identical shear rates, a higher
magnetic induction intensity indicates a higher viscosity of
the MR-STF sample in each group. As one can note from
Fig. 14a—d, the viscosity of the MR-STFs rises as the CIP
particle size increases. According to Fig. 14d, at a CIP par-
ticle size of 3.5 pm and a shear rate of 2.07 s, the viscosity
approaches 500 Pa‘s when the applied magnetic induction
intensity reaches 0.45 T, showing an almost twofold increase
in viscosity compared to MR-STF-60 h under the same
loading conditions. To better quantify the MR effect of the
MR-STFs, the ratio of the viscosity at a magnetic induction
intensity of 0.45 T to the viscosity in the absence of a mag-
netic field, nyo 45/Mmo> Was used as a measurement indicator.
One can observe that the MR effect of the MR-STFs gradu-
ally drops as the shear rate continuously rises, with a more
apparent MR effect at a larger ferromagnetic particle size. In
Fig. 14d, the MR effect of MR-STF-0 h drops from 17.97 to
7 as the shear rate increases from 2.07 to 50 s, In compari-
son, the MR effect in MR-STF-60 h in Fig. 14a decreases
from 9.81 to 1.81 under the same conditions. Therefore, one
can conclude that a larger CIP particle size gives rise to a

higher magnetic induction intensity and a more apparent MR
effect of the MR-STFs. However, increases in the shear rate
inhibit the MR effect to some degree.

Furthermore, the MR-STF samples in each group present
a shear thickening effect to some degree under the condition
of zero magnetic field; that is, the viscosity rises as the shear
rate increases. When the applied magnetic induction inten-
sity is maintained at a relatively low level of 0.15 T, MR-
STF-6 h, filled with 1.35-pm CIP particles (Fig. 14c); MR-
STF-24 h, filled with 600-nm CIP particles (Fig. 14b); and
MR-STF-60 h, filled with 360-nm CIP particles (Fig. 14a)
all exhibit shear thinning initially and a shear thickening
effect after the critical shear rate is reached. In Fig. 14d,
MR-STF-0 h, filled with the largest ferromagnetic parti-
cles, exhibits shear thinning behavior and the absence of
the critical point of shear thickening throughout the entire
observation range of the shear rate. When the magnetic
induction intensity reaches 0.3 T, only MR-STF-24 h and
MR-STF-60 h show initial shear thinning and subsequent
shear thickening, while MR-STF-0 h and MR-STF-6 h, both
filled with micron-scale CIP particles, experience only shear
thinning over the entire observation range of the shear rate.
When the magnetic induction intensity rises to 0.45 T, all
the MR-STF samples show shear thinning only, and no shear
thickening is observed. Likewise, under identical conditions
of the magnetic induction intensity, the ratio n,_,,./n. was
regarded as indicative of the shear thickening effect of the
MR-STFs and is displayed above the x-axis and marked in
the form of a positive number. 5., represents the peak
value of the viscosity after the critical shear rate has been
reached. The ratio of the initial viscosity to that at the critical
shear rate (17,/n,) was used as a measurement indicator of the
degree of shear thinning and is displayed below the x-axis
and marked as a negative number. One can note that the
shear thickening effect of the MR-STFs gradually decreases
as the magnetic induction intensity increases, with a weaker
shear thickening effect in the case of a larger ferromagnetic
particle size. In Fig. 14a, the shear thickening effect of MR-
STF-60 h gradually decreases from 3.54 to 1.74, 1.08, and
0 as the magnetic induction intensity increases from 0 T to
0.15, 0.3, and 0.45 T, respectively. In comparison, the shear
thickening effect of MR-STF-24 h in Fig. 14b gradually
decreases from 3.07 to 1.12, 1.02, and O under the same
conditions. Therefore, one can conclude that a larger CIP
particle size is associated with a higher magnetic induc-
tion intensity and that they both inhibit the shear thickening
effect of MR-STFs to some degree.

In addition, within the shear rate range of 2.07-50 s,
the MR-STF samples in each group show a nearly identical
degree of shear thinning (approximately 1) in the absence
of a magnetic field, indicating that the addition of CIP par-
ticles cannot affect the rheological properties of MR-STFs
when no magnetic field is applied. However, as the size of
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Fig. 15 Rheological mechanism (a)

of MR-STFs under the action

of a magnetic field: a CIPs with

small particle size, b CIPs with +
large particle size, and ¢ the o
possible structures formed by
silica particles and CIPs with
different particle sizes

Silica powder (blue) and

CIP chain structures

Silica powder (blue) and

CIPs (black) with large particle size

(c)

CIPs with small particle size

the CIP particles in the MR-STFs increases, the samples pre-
sent a weaker degree of shear thinning overall. As shown in
Fig. 14c, d, the micron-scale CIP particles exhibit a degree
of shear thinning not exceeding 2 in all the MR-STF samples.
The MR-STF samples in each group experience a decreasing
degree of shear thinning as the magnetic induction intensity
increases after the application of a magnetic field.

MR-STF rheological mechanism

MR-STFs offer both sensitivity to the shear rate and an MR
effect under the combined excitation of a shear rate and a
magnetic field. In other words, their viscosity and shear
stress can be controlled for particular purposes by adjust-
ing the applied shear rate and magnetic field intensity. The
shear thickening mechanism of STFs has been discussed
earlier. Figure 15 mainly depicts the working mechanism
of MR-STFs under the action of a magnetic field based

@ Springer

CIPs (black) with small particle sizg¢

Magnetic flux induction lines

Magnetic flux density increase
2  CIP column structures

v9e0ed oo“,o:. %$
0,:..% Poe%037 %0 's
8 'y

CIP

O

Silica particle 4

=
—

CIPs with large particle size

on the assumption that the CIP particles in this model all
possess spherical characteristics. According to Fig. 15a, b,
the CIP and silica powder particles of different sizes were
evenly dispersed in the PEG-400 medium in the absence of
a magnetic field. According to relevant theories of magnetic
dipoles [42], CIP particles in MR-STFs generate a magnetic
interaction force between themselves after a magnetic field
is applied, allowing the ferromagnetic particles to align and
form an ordered chain structure along the direction of the
magnetic flux induction line. Furthermore, a larger ferro-
magnetic particle size leads to a smaller plate spacing, giv-
ing rise to more prominent MR properties. As the magnetic
induction intensity rises, the magnetic force between CIP
particles gradually climbs to narrow the spacing between the
ferromagnetic particles and bind them more tightly. Conse-
quently, columns and other ordered structures might form to
enhance the MR effect of MR-STFs.
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As shown in Fig. 15a, b, as the CIP particles gradually
move along the direction of the magnetic flux induction
line to form ordered chain or column structures from an
evenly dispersed disordered structure under the action of
a magnetic field, collisions and friction occur between the
CIP and silica powder particles due to the significant den-
sity gap between them, causing the latter to move into the
limited structural space between various chain structures
formed by the former. When the shear rate is loaded, the
liquidity of the dispersion medium drops due to the obstruc-
tion of the ordered structures of the ferromagnetic particles
and the space limitations. Consequently, the silica powder
particles are forced into a spatial structure similar to the
ordered structures of the ferromagnetic particles within a
restricted area, thus facilitating the ordered development of
the entire dispersion system and causing shear thinning as a
result. However, when the particle size of the CIPs is similar
to or smaller than that of the silica powder, the ferromag-
netic particles form a chain structure with a comparatively
large particle spacing under the condition of a weaker mag-
netic induction intensity, while the silica powder particles
gradually gather and cluster after overcoming intermolecu-
lar forces and Brownian motion under the action of fluid
dynamics (Fig. 15¢), further enhancing the thickening effect
to some extent. The gradual increase in the magnetic induc-
tion intensity leads to and reinforces the binding between
the ferromagnetic particles, accompanied by the further
gathering of the parallel chains of the particles to form col-
umn structures. However, the clustering of the silica powder
particles is difficult due to the spatial structure limitations,
adding to the difficulty of generating a thickening effect.
MR-STF-60 h and MR-STF-24 h, for instance, contain CIP
particles only 360 and 600 nm in size, respectively, but were
able to generate a shear thickening effect when the magnetic
induction intensity was maintained at 0.15 and 0.3 T. Nev-
ertheless, no thickening was observed when the magnetic
induction intensity rose to 0.45 T, explaining the inhibitory
and weakening effect of magnetic induction intensity on the
shear thickening effect of MR-STFs. Moreover, when the
CIP particles are much larger than the silica powder parti-
cles, the magnetic interaction force of the former rises under
the action of the magnetic induction intensity. As a result,
the silica powder faces a larger possibility of being blocked
in the micro spaces formed by the gathering of CIP parti-
cles (Fig. 15¢). As the magnetic induction intensity rises, it
becomes almost impossible for the silica powder particles to
flow and gather under the action of fluid dynamics, making
thickening impossible. In MR-STF-0 h, for instance, the 3.5-
pm ferromagnetic particles are seven times larger than the
silica powder particles. Under such circumstances, no shear
thickening occurs when the magnetic induction intensity
increases from a low to a high level, which explains why a

larger ferromagnetic particle size inhibits the shear thicken-
ing effect of MR-STFs more significantly.

Conclusion

In this study, STF and MR-STF samples were prepared
through the ball milling dispersion method. The rheological
properties were investigated and the following conclusions
were reached.

1. STFs are typical examples of materials with tempera-
ture-dependent rheological properties. Specifically, the
shear thickening effect of STF-7 rose as the temperature
dropped, mainly reflected in a decreasing critical shear
rate and an increasing ratio of the maximum to the criti-
cal viscosity (17,,,,/1.) under such circumstances. This
is mainly attributed to the fact that a higher temperature
leads to a more pronounced Brownian motion of the par-
ticles, which helps overcome the changes in the spatial
structure with the application of shearing deformations.

2. The contents of the dispersed particles and nano-fumed
silica effectively have a positive impact on the thick-
ening effect, as reflected in the dispersion of the STFs
in the investigations of shear and compressive rheol-
ogy. A higher content of dispersion particles increases
their possibility of clustering under the action of fluid
dynamics, leading to subsequent jamming once their
flow is blocked. Moreover, because of the large dif-
ference in particle size between the nano-fumed silica
and the silica powder, the former can effectively fill the
gaps between the clusters of accumulated silica powder
particles, thus tightening the structure of such clusters
and subsequently effectively improving the viscosity and
shear stress of the STFs. STFs can be shifted from con-
tinuous (a < 1) to discontinuous (a > 2) by altering their
nano-fumed silica content.

3. Both a larger CIP particle size and a higher applied
magnetic field intensity inhibit and weaken the shear
thickening effect of MR-STFs. CIP particles can quickly
form into oriented ordered structures, such as chains or
columns, under the action of a magnetic field. Due to
a comparatively large difference in particle density, the
silica powder particles become blocked in a limited
structural space and suffer from restricted movement. At
a higher magnetic field intensity, because ferromagnetic
particles with a larger particle size are bound to each
other more tightly, the restrictions on the silica pow-
der particles are more apparent. Therefore, generating
a shear thickening effect under such circumstances is
difficult.
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