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Abstract: In this study, nanoparticles were suspended in L-AN32 total loss system oil. The thixotropic
yield behavior and viscoelastic behavior of ferrofluid were analyzed by steady-state and dynamic methods
and explained according to the microscopic mechanism of magneto-rheology. The Herschel-Bulkley (H-B)
model was used to fit the ferrofluid flow curves, and the observed static yield stress was greater than
the dynamic yield stress. Both the static and dynamic yield stress values increased as the magnetic
field increased, and the corresponding shear thinning viscosity curve increased more significantly as
the magnetic field strength increased. The amplitude scanning results show that the linear viscoelastic
region (LVE) is reached when the shear stress is 10%. The frequency scanning results showed that the
storage modulus increased with the increase of the frequency at first. The storage modulus increased
steadily at a higher frequency range, while the loss modulus increased slowly at the initial stage and
rapidly at the later stage. In the amplitude sweep and frequency sweep experiments, the energy storage
modulus and loss modulus are enhanced with the decrease of temperature. These findings are helpful
to better understand the microscopic mechanism of magneto-rheology of ferrofluids, and also provide
guidance for many practical applications.
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1. Introduction

Ferrofluid (FF) is a kind of smart nano-functional material under the magnetic field,
which is a suspension system composed of soft magnetic particles, non-magnetic base
carrier liquids, and surfactant. The diameter of magnetic particles is generally about 10 nm,
and each particle has its own magnetic moment, the value of which is proportional to the
volume of the magnetic particle and depends on the saturation magnetization strength of
the material. In addition, particles not only participate in Brownian motion, but also tend to
congregate into different aggregates. Under an applied magnetic field of moderate intensity,
the rheological, hydrodynamic, diffusive, and optical properties of FF all varied dramati-
cally [1,2]. FF have high academic value and a wide range of application prospects—it can
be applied to heat exchangers [3], ultra-low friction bearing [4,5], temperature sensor [6],
and seal [7]. Therefore, the study of their related properties is a challenging topic.

Under the action of magnetic field, the morphology of FF changes greatly from liquid
state to quasi-solid and this change is reversible. This process is called the magnetorhe-
ological effect, which can be explained as: when in a state without a magnetic field, all
the magnetic tiny particles are capsuled by a surfactant composed of longer molecular
chains. The van der Waals force between the long molecular chains of the active agent will
hinder the combined aggregation of magnetic particles, so that the magnetic particles are
evenly distributed in the base liquid and the apparent rheological behavior is Newton
fluid. When a magnetic field is applied, the magnetic particles in the FF are magnetized
into magnetic dipoles attracted to each other under the action of the external magnetic
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field, which will converge along the direction of the magnetic field. The columnar structure
is gradually synthesized by shear yield stress and the apparent rheological behavior is
Bingham fluid [8,9].

Due to the above characteristics, FFs have a wide range of applications in the auto-
motive industry and other professional projects, such as shock absorbers, clutches, brakes,
and dampers [6,10-12]. In recent years, researchers have also discovered the potential
applications of FFs in the biomedical field, such as magnetically targeted drug therapy and
magnetic hyperthermia of cancer cells; In addition, FFs are applied to realize the flexible
movement of the soft robots by controlling the magnetic structure changes in the changing
magnetic field, so that it makes deep-sea and deep-space exploration possible.

Li et al. [13] studied the rheological properties of a perfluoropolyether-based ferrofluid.
Based on the chain model of magnetic particles and the viscosity-temperature characteristics
of the base carrier liquid, the different mechanisms of the influence of temperature on
the magnetic viscosity effect are discussed. They only discussed the magneto-viscous
effect of ferrofluid, but not the viscoelasticity, and the rheological properties were not
fully explained.

Paul et al. [14] concluded that non-Newtonian behavior manifested itself as more
pronounced as the magnetic field increased. They also performed steady-state rheological
measurements and fitted the experimental data with the Herschel-Bulkley (H-B) model to
calculate the yield stress. There is good consistency between the experimental data and the
fitted data. Moreover, they concluded that the yield stress of the FF improved significantly
as the particle loading and magnetic field increased. However, they only analyzed the static
yield stress, not the dynamic yield stress, and ignored the possible influence of shear history
on the yield stress.

In this paper, a ferrofluid with a volume fraction of 7.26% using L-AN32 as the carrier
fluid is presented and its rheological properties are systematically studied. The yield stress
and viscoelasticity of ferrofluid were studied by static and dynamic methods. The magnetic
field intensity dependence of ferrofluid yield stress and viscosity and the temperature
dependence of ferrofluid viscoelasticity are analyzed. A comparative experiment was
designed to compare the flow curve and viscosity curve of L-AN32-based ferrofluid in
the magnetic field range (0 mT-200 mT). Using the H-B model to fit the flow curve, the
yield stress was calculated, and the static yield stress was greater than the dynamic yield
stress. In addition, the amplitude scanning and frequency scanning experimental data of
L-ANB32-based ferrofluid in the temperature range (—2 °C-35 °C) were compared to obtain
the mechanism of temperature on ferrofluid viscoelasticity.

2. Experiment
2.1. Materials

The preparation of the FF in this paper mainly consisted of two parts. Firstly, the
magnetic nano Fe3Oy particles were prepared by coprecipitation method, and then the
Fe30y4 particles were uniformly dispersed in the base carrier.

Due to the ease of preparation and biocompatibility of Fe;O, particles, Fe304 was
selected as a magnetic particle in this paper. The ratio of the reactants, the reaction temper-
ature, and the PH in the reaction process were strictly controlled by the co-precipitation
method [15], so that FesO4 magnetic particles with good crystallization, suitable particle
diameter, and satisfactory saturation magnetization intensity can be obtained. Finally, the
magnetic particles obtained after drying were X-ray Diffraction (XRD) analyzed. According
to Debye—Scherrer expression [16], the particle diameter of Fe304 was 9.8 nm.

KA
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where D is the average thickness of the grain perpendicular to the crystal plane direction;
B denotes the measured sample diffraction peak half-height width; 6 is the Bragg diffraction
angle; A is the X-ray wavelength.
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The Fe3Oy4 particle size distribution was further analyzed by transmission electron
microscopy (TEM). As shown in Figure 1, the diameter of Fe3Oy particles was approxi-
mately normal. The average diameter of Fe;O, particles was 10.25 nm, and the standard
deviation was 2.11 nm, among which the larger diameter of magnetic particles above 13 nm
accounted for only 10%.

Figure 1. TEM images of the prepared Fe3O, particles.

The L-ANB32 total loss system oil produced by China Petroleum and Chemical Corpo-
ration was selected as the base carrier fluid for the experiment in this article. As shown in
Table 1, the total loss system oil belonged to the hydrogenation mineral base oil, and its
main component was hydrocarbons. According to GB443-1989 dynamic viscosity standard,
it can be divided into 10 L-AN series full system loss o0il [17].

Table 1. Basic physical parameters of L-AN32 base carrier.

Kinematical Viscosity mPa-s (40 °C) Flash Point °C Pour Point °C Density g/cm? (25 °C)

32

208 =31 0.865

2.2. Preparation Process

FF preparation process: the previously obtained Fe3O, particles were added to the
base carrier liquid containing oleic acid and some dispersion additives were added. The FF
was heated and stirred in the water bath, followed by ultrasonic waves to make the gathered
Fe30Oy4 particles evenly dispersed. When the liquid was layered under the action of a strong
magnetic field, we chose the upper stable black liquid. The density, zero magnetic field
viscosity, saturation magnetization intensity, particle volume fraction, and other parameters
of the L-AN32-based FF prepared in this paper were measured and the statistics are shown
in Table 2.

Table 2. Physical parameters of L-AN32-based FFs.

Density g/cm?® (25 °C)

Zero Magnetic Field Viscosity mPa-s (40 °C) Saturation Magnetization kA/m Particle Volume Fraction %

1.249

3414 24.45 7.26

The MCR 302 high-precision rotary rheometer produced by Anton Paar (Graz, Austria)
with the MRD170 magnetic (Anton Paar, Graz, Austria) field module was used in this paper
to measure complex rheological characteristics. The rheometer has a minimum controllable
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torque of 1 nN-m and a minimum point time of 1 ms. It can accurately measure the
rheological properties of samples in the temperature range of —20 °C to 170 °C, ensuring
the accurate measurement of complex rheological properties such as viscoelasticity and
thixotropy of FFs in the magnetic field.

Rheological measurements are divided into two types: steady state shear and oscilla-
tory shear. Steady-state shear test includes testing the variation of static (dynamic) shear
stress and viscosity with shear rate under different magnetic induction. The temperature is
constant at 21 °C, the shear rate range is 0-100 s~ !, and the magnetic induction intensities
are 0, 24, 48, 74, 100, 124, 150, 174, 200 mT, respectively. Steady-state shear uses a cone plate
with a diameter of 20 mm and a cone of 1°. The rheological measurement gap is 0.2 mm.

The oscillatory shear test includes: testing the change of energy storage modulus and
loss modulus with shear strain amplitude at different temperatures (-2, 2, 7, 12, 16, 21,
26, 30, 35 °C), the angular frequency is constant at 6 rad /s, and the shear strain amplitude
ranges from 0.01% to 100%. Testing the law of energy storage modulus and loss modulus
changing with strain frequency, the shear strain amplitude is 1 %, and the angular frequency
range is 0-16 rad/s. A 20 mm parallel plate was used for oscillatory shear with a measured
gap of 0.2 mm.

Magnetization curves of samples were drawn by means of A vibrating sample Mag-
netometer (VSM), as shown in Figure 2. It can be seen that there is no obvious coercivity
and remanence in the hysteresis loop, which indicates that the Fe;O, magnetic particles are
mainly small particles with single magnetic domain, and the content of large particles with
multi-magnetic domain is very small.

26.4

17.6

8.8

0.0 H

—8.8 1

—17.6

Magnetization, M (KA/m)

—26.4

T T T T T T
-800 —600 —400 —200 0 200 400 600 800
Magnetic field strength, H (Ka/m)

Figure 2. Magnetization curve of ferrofluid.

3. Results and Discussion
3.1. Static and Dynamic Yield Stresses Analysis

The yield process of FF is a process of thixotropy, which exhibits the restorative
properties of thixotropy when it is rotating or oscillating. When in the same external
environment, the static yield stress is much higher than the dynamic yield stress, and the
yield stress value increases with the strength of the magnetic field [18]. Static yield stress
refers to the minimum shear stress required when the internal structural stable state of
the FF is destroyed and the steady-state flow occurs. The dynamic yield stress represents
the minimum shear stress of the continuous and stable flow of the FF after the internal
structure has been destroyed. If the static yield stress is the same as the dynamic yield stress,
the fluid is a simple yield fluid. Conversely, fluids with different values are thixotropic
yield fluids, where the static yield stress is much greater than the dynamic yield stress,
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because its internal microstructure constitutes have different microscopic evolution paths
in different experimental environments.

At the temperature of 21 °C, the static (shear rate from low to high) and dynamic (shear
rate from high to low) flow curves of the FF are measured. Different curves in each plot
correspond to different magnetic field strengths as shown in Figure 3. Prior to experimental
measurements, samples are left to stand for 600 s under a magnetic field or pre-sheared for
90 s at a shear rate of 100 s~ 1.
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Figure 3. Static and dynamic flow curves and yield stresses of FFs under different magnetic field
strengths: (a) Scanning shear rate from low to high; (b) Shear rate from high to low scanning.

It can be seen from the experimental results that different magnetic field strength
corresponds to different flow curves, and shear stress increases with the increase of magnetic
field strength. The flow curve changes significantly between 0 mT and 48 mT, and the curve
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greater than 48 mT tends to be stable. It indicates that the magnetic interaction between
particles of FFs increases greatly under the magnetic field strength of 0—48 mT, which is
manifested as the overall upward shift of the flow curve. When the flow curve is larger
than 48 mT, the magnetic interaction between the internal structures of the FF reaches a
saturation state, and the distance between the curves is shortened or even overlaps with
each other. The magnitude of the static flow curve change is more complex than that
of the dynamic flow curve, which means that the FF is a thixotropic yield fluid and the
evolution paths of the internal microstructure of the thixotropic yield fluid under different
measurement environments are also different.

As can be seen from Figure 3a, the slope of the static flow curve is constantly changing,
and there is a clear characteristic of secondary shear thinning. This is due to the different
static and dynamic failure mechanisms, resulting in different shear stresses even under
the same shear rate and other external conditions. At the small shear rates, FFs have a
strong columnar structure inside that can keep their internal structure stable, while the
tiny shear stresses exist due to the presence of micro-flow of base carrier fluid between the
columnar structures. When the shear rate gradually increases, a small number of columnar
and chain structures appear to detach from the liquid surface and participate in the flow.
At this time the liquid flow rate is accelerated, and the slope of the curve rises, that is, the
first shear thinning occurs. After that, as the shear rate continues to increase, more and
more columnar structures participate in the flow inside the FF and its bias stress tensor
component increases so that the macroscopic viscosity of the liquid increases, and the
slope of the curve is slowed. Finally, when the columnar structure inside the FF undergoes
macroscopic flow, the columnar structure eventually becomes a single-chain structure, and
the corresponding partial stress tensor component is also reduced, and the second shear
thinning occurs. Since the length of the columnar and chain structures is proportional to
the increase in shear rate, this shear thinning will continue.

In Figure 3b, the dynamic flow curve basically keeps rising on the shear slope, which
is due to the fact that the FF equilibrium structure has been destroyed before the start of the
experiment. Its internal microstructure is not conducive to being combined with the liquid
surface in the case of shear flow, and a stable columnar and chain structure appears. With
the reduction of the shear rate, the internal microstructure is only manifested as an increase
in size and quantity. At this time the viscosity becomes larger, and the flow curve shows
the classic simple shear thinning characteristics. It can be seen that for the thixotropic
yield fluid, the shear history has a greater effect on the flow curve, so yield stress cannot
be regarded as a constant value. A comparative analysis of Figure 3a,b shows that the
rheological properties of the FF are significantly affected by the shear history, which further
indicates that the FF is thixotropic.

In this paper, the data of the experimental curve are fitted by the H-B model. Its
equation is as follows

T=1+ki" (1)

where, T is the shear stress, 1 is the shear rate, 7y is the yield stress, k and n are adjustable
model parameters.

The relationship between magnetic field strength and yield stress is shown in the
embedded figure in Figure 3. When the shear rate is small, the experimental data do not
agree with the H-B model. However, when a certain shear rate is reached, the fitting
condition is good, and the yield phenomenon occurs. Table 3 shows the yield stresses and
the H-B model fitting parameters for FF at various magnetic flux densities. In the case of
the same external factors, static yield stress is much higher than dynamic yield stress, and
different evolution paths result in the change of yield stress value. Because the viscosity
of the sample varies with the shear rate, the yield stress value increases. The internal
microstructure of FFs undergoes aging and shear rebirth. In order to further study the
microstructure evolution mechanism during the thixotropic yield of FFs, the corresponding
viscosity values of FFs are analyzed below.
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Table 3. The fit parameters and decision coefficient(R2) obtained using the H-B model.

Static Parameter Dynamic Parameter
Fitting P ter/MLE.
1Hiihg Farameter 70 [Pa] k n R? 70 [Pa] k n R?
0mT 0.01 0.51 0.98 1 0.002 0.52 0.98 0.9999
24 mT 0.04 1.33 0.85 0.9999 0.03 1.14 0.89 0.9999
48 mT 0.48 2.15 0.79 0.9997 0.08 1.55 0.88 0.9999
74 mT 0.86 2.68 0.76 0.9992 0.25 1.81 0.85 0.9999
100 mT 1.05 292 0.76 0.999 0.38 2.00 0.84 0.9999
124 mT 1.17 3.16 0.75 0.9989 0.47 2.14 0.83 0.9998
150 mT 1.29 3.21 0.75 0.9986 0.53 224 0.82 0.9997
174 mT 1.39 3.26 0.74 0.9983 0.59 2.31 0.82 0.9997
200 mT 1.46 3.32 0.74 0.9982 0.62 2.36 0.82 0.9997
3.2. Viscosity Analysis
In order to further analyze the flow characteristics of FFs under static and dynamic
measurement methods, this experiment measures the curves of the viscosity of FFs with
shear rate under different magnetic field intensities. Figure 4 shows the viscosity curve
of the FFs as a function of shear under different constant magnetic field intensities at a
temperature of 20 °C. The FF samples in Figure 4a,b are pretreated similar to static and
dynamic tests prior to testing: the samples in Figure 4a are first placed statically for 600 s
under a magnetic field, while the samples in Figure 4b are pre-sheared at a shear rate of
100 s~ for 90 s before testing. As the shear rate increases, the microstructure composition
and macroscopic rheological properties of the FFs change dramatically with the shear rate.
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Figure 4. The viscosity of the FF in different initial states under different magnetic field strengths
evolves with the shear rate: (a) Placed under the magnetic field for 600 s before the experiment;
(b) 90 s pre-shear with a shear rate of 100 s~ L

From the experimental results, it can be seen that the viscosity curve is basically in line
with the previous judgment of the thixotropy of the FF flow curve. When the magnetic field
strength is less than 48 mT, the viscosity difference of each curve is obvious, while when
the magnetic field strength is greater than 48 mT, the difference between the curves is small.
The static viscosity curve is more complex than the dynamic viscosity curve. Because of
thixotropy, the microscopic evolution path of the FFs is different. At low shear rates, the
viscosity remains high due to the disordered arrangement and aggregation of magnetic
particles, creating significant flow resistance under magnetic field [19].

As can be seen in Figure 4a, the viscosity curve of the FFs measured by the static
method is displayed as a single-peak shape. The reason is that the FFs in an equilibrium
state eventually form a columnar structure connecting the upper and lower measurement
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surfaces, and when a certain shear rate is generated, the columnar structure produces a
consistent orientation change in a short period of time, which is manifested as a rise in
viscosity. However, as the shear rate increases, this ascent process does not last long, at
which point the viscosity begins to decrease, resulting in the formation of peaks in the
viscosity curve. When the shear stress is less than static yield stress, there is not macroscopic
fluid flow of the FFs. When the shear stress exceeds the static yield stress, the FFs begin
to flow and the viscosity suddenly decreases [20]. When the shear rate is small, some
of the columnar structures separated from the measurement surface are gradually and
completely separated under stress and participate in macroscopic flow, but the interaction
between the columnar structures involved in the flow and the remaining structures, at
this time, increases the obstacle to macroscopic flow and the viscosity becomes larger.
When all the columnar structures participate in the flow, they gradually decompose due to
hydrodynamics and the viscosity begins to decrease. When the shear destruction effect of
the fluid on the structure is balanced with the interaction between the magnetic field on the
particles or structure, the internal structure of the FFs remains stable, so that the viscosity
curve eventually tends to be horizontal.

In Figure 4b, the viscosity curves of the FFs under different magnetic field strengths
show a continuous decline, representing the gradual refinement and continuous shear
thinning of the internal structure of the FFs. In the initial stage of the experiment, the
viscosity of the FFs decreases sharply, which is due to the pre-shearing. In this stage, there
is no large microstructure to hinder the shear flow and the viscosity decreases with the
increase of the shear rate. In the second half of the experiment, under the action of high
flow rate, the microstructure within the FFs is basically decomposed and destroyed and
the decline rate of viscosity of the FFs slows down. As the internal structure of the FFs is
finally split into individual particles, it is finally stabilized at a certain shear rate, where the
higher the magnetic field strength, the greater the shear rate that needs to be stabilized. By
comparing the two figures, it can be found that, first of all, in different pretreatment cases,
the viscosity change curve is not the same, which is determined by its different microscopic
evolution paths and affected significantly by the shear history, reflecting the thixotropy
of the magnetic material. Secondly, at the same shear rate, the greater the magnetic field
strength, the higher the viscosity of the FFs. The shear thinning characteristics are caused
by the interaction between particles and the viscous shear effect of the base carrier liquid.
The higher the magnetic field, the more complex the microstructure formed, the stronger
the resistance to the shear flow and the higher the viscosity at this time. Each viscosity
curve in the picture ends up in the same horizontal line, which is due to the fact that FFs
reach a consistent microscopic form when the magnetic field is strong enough and the shear
rate is large enough. In summary, the non-Newtonian properties of FFs become significant
as the strength of the magnetic field increases.

3.3. Viscoelastic Behavior of FFs

The dynamic viscoelasticity of FFs at different temperatures is studied by oscillating
shear theory and experimental methods. The frequency scanning experiments of FFs at
different temperatures prove that the energy storage modulus (G’) and loss modulus (G”)
of FFs are related to ambient temperature. The complete frequency sweep modulus curve
of liquids at different ambient temperatures is measured by the principle of strain rate
frequency superposition, and the relaxation mechanism of the internal microstructure of
FFs can be inferred from the scan curve. When the temperature increases, the average
molecular kinetic energy of particles in the FFs increases and the system heat fluctuation
effect and the Brownian motion of the particles will intensify. The microstructure com-
position and macroscopic rheological properties of the FFs change significantly with the
change in temperature.
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3.3.1. Amplitude Scanning Analysis

The storage modulus(G’) and loss modulus(G”) of the FFs measured at different
temperatures as a function of strain amplitude are shown in Figure 5. The sample is pre-
sheared at a shear rate of 500 s~! for 5 min to eliminate the effect of strain history. To
form an equilibrium structure, the FFs need to be placed in magnetic field for 10 min. In
the strain—amplitude scan test, the magnetic field intensity is 100 mT and the oscillation
frequency is 6 rad /s, where the strain increases from 0.01% to 100%.
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Figure 5. Amplitude scanning modulus curve of magnetic liquid at different temperatures: (a) storage
modulus curve; (b) loss modulus curve; (¢) control of the intersection of the two curves.

When the shear strain is less than 10%, the viscoelastic modulus is independent of
strain, and this region is called the LVE region. The effect of the increase of the applied
shear strain on the G’ and G” can be analyzed through its microscopic schematic diagram,
as shown in Figure 6 [21]. The black is the magnetic particles, the white is the non-magnetic
carrier fluid molecule, and the yellow is the energy storage modulus. In static equilibrium,
FFs behave as a Newtonian fluid, freely composed of all magnetic particles and carrier
fluid molecules, as shown in Figure 6a. Under the action of magnetic fields, FFs contain
long chains, short chains of carriers, and free molecules, as shown in Figure 6b. When the
strain is very small, G’ > G”, and elastic behavior dominates sticky behavior. When the
strain increases, G’ decreases [22] because the distance between the particles increases with
the increase of the shear strain, weakening the chain structure of the FFs. In Figure 6c.
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the long chain eventually cracks into short chains, G’ = G", the FFs change from a low
strain viscoelastic solid to a high strain viscoelastic liquid. The stress at this intersection
is called the yield stress in amplitude sweep mode. In Figure 6d., as the strain becomes
larger, the long chain is significantly destroyed, and the short chain and free particles
increase, G’ is further reduced. In Figure 6e., under very high strain, the long chain is
completely destroyed, the magnetic particles are finely dispersed to obtain the viscous
material, indicating the advantage of the viscous modulus, and the internal chain structure
of the FFs is usually destroyed in the nonlinear region.
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Figure 6. Schematic of the microscopic process of applying a magnetic field and strain: (a) equilibrium
state; (b) the state in which a magnetic field is applied; (c) the state in which the strain is applied;
(d) the state of increasing strain; (e) the state of the ultimate strain. “Reprinted/adapted with
permission from Ref. [21]. 2019, Mishra, A.; Pathak, S.; Kumar, P.; Singh, A.; Jain, K.; Chaturvedi, R.;
Singh, D.”.

The value of the energy storage modulus and loss modulus of the FFs decreases with
the increase of temperature, which is due to the increase in the free energy of the internal
chain structure of the FFs with the increase of the temperature, the internal column structure
of the FFs is more easily separated from the surface of the fixture, and the number and the
size of the column structure in the FFs decrease with the increase of temperature. Multiple
modulus curves measured by FFs at different temperatures are approximately equally
proportionally distributed.

From the curve shape of Figure 5a,b, the energy storage modulus and loss modulus
decrease with the increase of amplitude, indicating the dependence of the storage modulus
on the strain amplitude caused by the destruction and reorganization of the magnetic
particle network. FF modulus curve in low amplitude remained relatively stable within
the scope of the very typical LVE region. Because the FFs have a columnar structure that
connects the upper and lower measurement surfaces of the fixture, the FFs are very stable
and firm in the oscillation shear, and a greater deflection angle can occur without separation
from the measurement fixture surface. When the amplitude is small, the energy storage
modulus of the FFs is higher than the loss modulus, and the microstructure inside the
FFs is mainly composed of a large columnar mechanism, at which time the FFs exhibit
the characteristics of a solid. As the amplitude gradually increases, the interior of the FFs
gradually becomes smaller, resulting in a significant reduction in the modulus of elasticity,
and eventually changes to a fluid-based feature when the amplitude is large.

In Figure 5¢c, comparing the energy storage modulus and loss modulus curve, the LVE
region of the FFs decrease with the increase of temperature because with the increase in
temperature the heat fluctuation effect and the Brownian motion of the magnetic particles
are aggravated, which is manifested as the rapid movement of the magnetic particles in
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the base carrier liquid, making it more difficult to form a chain structure. For the reasons
above, when the temperature is relatively high, the chain structure inside the FFs is reduced.
When the temperature gradually decreases, the thermal movement weakens and the liquid
fluidity slows down, which is conducive to the accumulation of FFs in a strong magnetic
field to form more chain structures, in turn further hinders the flow of FFs, and makes it
easier for magnetic particles in a free state to attach to the chain structure, accelerating the
formation of chain structures.

Because of the strong magnetic recovery force of the chain structure, the microstructure
can be allowed to deflect in a small range. When greater than this interval, a small number
of microstructures begin to separate or slip, resulting in an unrecoverable viscous flow of
the test sample, at which point G’ is greatly reduced. The intersection of the curve G’ and
the curve G” represents the transition point at which the sample begins to flow, and when
the amplitude is below that point, the FFs exhibit the characteristics of a solid or gel-like
substance, and at the point where the amplitude exceeds this point, the FFs are dominated
by the viscosity loss characteristics of the fluid. It can be known that the loss modulus G”
produces a peak near the intersection point, which corresponds to the dissipation of energy
generated when the internal column structure of the FFs is separated from the upper and
lower surfaces of the measuring fixture, and in the last stage of the curve, both the curve
G’ and the curve G” decrease, which is due to the decrease in the number and size of the
columnar structure with the increase of the strain rate.

3.3.2. Frequency Scanning Analysis

Figure 7 shows the curve of the energy storage modulus and the loss modulus mea-
sured by FFs at different temperatures. Prior to test measurement, the sample is pre-sheared
at a shear rate of 500 s~! for 5 min, which can remove the influence of the strain history.
Finally, the sample is static in the magnetic field for 10 min to form the equilibrium structure.
The experiment selects a constant amplitude of 1%, and the test magnetic field strength is
100 mT, in which the angular frequency changes from low to high or from high to low.

As shown in Figure 7, it can be clearly seen that the lower the temperature, the higher
the energy storage modulus and loss modulus, and as the vibration frequency increases,
the gap between the curves is getting wider. The slope of the energy storage modulus
curve remains basically unchanged, while the slope of the loss modulus curve has been
increasing. Under the influence of shear oscillation, the orientation of the internal chain
structure of the FFs is distributed along the shear direction [11]. Frequency intensity leads
to an increase in entanglement in the matrix because the deformation of the molecular
chains does not keep up with the shear force. As can be seen from Figure 7a,b, in the initial
stage of the experiment, G” > G/, the internal microstructure of the FFs can be sufficiently
relaxed, so complex fluids exhibit the characteristic of viscous loss. It can be seen from the
change trajectory of the curve that the oscillation frequency gradually becomes larger, so
that the small amount of microstructure inside the FFs cannot be relaxed in time, which is
manifested as a significant increase in G’ representing the sample elasticity. In the medium
frequency range, the curves of G’ and G” maintain steady growth. At the end of the curves,
G” is much higher than G/, which is related to the strong dissipation between the internal
structures of complex fluids under high-frequency oscillation conditions.

The oscillation frequency at the first intersection of the FF modulus in Figure 7c is
basically the same, indicating that the temperature in the low frequency range does not
have much effect on the relaxation time of the internal structure of the FFs. At a lower
oscillation frequency, the first intersection point of curve G’ and curve G” represents the
liquid-solid transition frequency of the fluid, which is the reciprocal of the characteristic
relaxation time of the internal structure of the complex fluid. The intersection point marks
the formation of a large columnar structure with a larger modulus of lower temperatures.
At very high frequencies, the curves of G’ and G” rise rapidly, where G is more intense and
the curves intersect again. The microstructure inside the FFs is undergoing glass transition,
which indicates that at high oscillation frequencies, the FFs mainly exist in a glassy form,
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that is, there is a high viscosity and elasticity at the same time [23,24]. The energy storage
modulus is always lower than the loss modulus. This is due to the strong dissipation
effect between the internal structures of complex fluids under high-frequency oscillation
conditions. The size and quantity of the internal columnar structure of FFs are small, so
that they are always in a viscous fluid state during the frequency increase process.
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Figure 7. Frequency scanning modulus curve of FF at different temperatures: (a) storage modulus
curve; (b) loss modulus curve; (c) comparison of the intersection points of the two curves.

4. Conclusions

The rheological properties of L-AN32-based ferrofluid are studied systematically.
The experimental results show that under different magnetic fields, both static stress and
dynamic yield stress increase with the increase of magnetic field intensity, while static stress
is much higher than dynamic yield stress. L-AN32-based ferrofluid has the characteristics
of secondary shear thinning, showing a strong thixotropic behavior. The static yield stress
obtained by the H-B model is much larger than the dynamic yield stress. The comparison of
viscosity curves further proves that the shear history has a great influence on the rheological
properties of magnetic liquids. In the amplitude sweep and frequency sweep experiments,
it is observed that the storage modulus G’ and loss modulus G” decrease with the increase
of temperature. The reason behind it is attributed to the formation and destruction of chain
structure or column structure with temperature.
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