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In this work, we have investigated the size induced on the viscoelasticity of CoFe;O4 magnetic nanofluids (MNFs). The focus
of this work is to provide an insight into the effect of varying particle size on viscoelastic properties of CoFe;O4 MNFs with
varying CoFe; 04 nanoparticle sizes. Kerosene-based MNFs containing surfactant coated CoFe; Q4 were synthesized using standard
optimized coprecipitation method, and variations in average mean size ~ 9-30 nm have been synthesized. The physical properties,
such as structural and morphology, have been investigated to confirm the purity, and variation in size. Steady-state and oscillatory
mode measurements were performed using a magneto-rheometer to investigate the field-induced magneto-rheology. The steady-state
rheograms (viscosity vs. shear rate curve) has been well fitted with power-law 1 = ¢y” + 100, confirming the shear thinning behavior
with n < 1. Furthermore, magneto-sweep rheograms (viscosity vs. magnetic field) has been used to investigate the steady increase
in viscosity, which is due to the formation of a chain-like structure in the field direction causing an interruption in the smooth
streamline flow of the MNFs. Furthermore, dynamic oscillatory measurement shows the transition between G’ and G” with applied
dynamic strain confirming solid-liquid phase transition behavior. Field-induced viscoelastic behavior in static and dynamic mode

provides significant information for optimization of MNFs for various applications.

Index Terms— Cobalt ferrites, magnetic fluid, magneto-viscoelasticity, rheology, spinal ferrites.

I. INTRODUCTION

ISCOELASTIC properties of magnetic nanofluids
(MNFs) play an essential role in the device development,
as magnetic control on fluid behavior is a promising field
in numerous applications. MNFs commonly known as
ferrofluids are synthetic fluids having ultra-fine ferromagnetic
and ferrimagnetic particles in the size range (2-40 nm)
dispersed in the magnetically passive medium. [1] These fluids
show non-Newtonian behavior when subject to the external
magnetic field. Magnetic nanoparticles (MNPs) dispersed in
MNFs form a chain-like structure in the field direction, which
causes hindrance to the streamline fluid flow, which leads to an
increase in viscosity. The morphology, dilution, carrier fluid,
and surfactant of MNFs are the key parameters which strongly
influence the magneto-viscous effect (MVE). Optimization of
MVE with varying particle size is essential for various device
applications in engineering (motors, bearings, actuators,
sensors, and thermal applications), as well as biological

application (hyperthermia treatment, drug delivery) [2]-[5].
Rheological properties of MNFs were significantly affected
by stability, density, particle size distribution, coercive field,
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and saturation magnetization. Other than these factors, the base
fluids, surfactants, anticorrosion, and additives also play a
vital role in the performance of MNFs. Earlier, many studies
have been carried out by researchers investigating the MVE
and relative microstructure in the colloidal suspension of
superparamagnetic (SP) particles to maximize the performance
of MNFs.

Liu et al. [6] studied the volume concentration of SP parti-
cles on magneto-induced stress and established a microstruc-
tural dependence for magneto-viscous (MV) properties. Also,
particle-level-dynamic simulation has been used to reveal the
formation of the transverse stretched net-like structures, which
leads to enhanced transversal stress effect. The volume fraction
of the SP particle size plays a vital role in the formation
of a chain-like structure. At the optimized volume fraction,
the axial and transverse stress enhancement is maximum.
Noorjahan et al. [4] investigated the effect of dilution on
dipolar interaction and magneto-viscoelasticity of magnetic
fluids. The interparticle dipolar interaction plays a vital role in
MVE of the MNFs system. Also, they have corroborated their
steady-state and oscillatory results with different models, like
power law (thinning behavior), Bingham model (yield stress),
and De Gans Theory (dynamic behavior). Furthermore, they
have also shown Mason number as a function of specific vis-
cosity, which gives a perfect scaling with power-law exponent
less than one, which confirms the shear thinning behavior.
Paul e al. [7] reported an extensive study on the influence
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of different particle concentration loading of FezO4 particles
dispersed in water-based MNFs. They have concluded that
non-Newtonian behavior manifests more prominently with an
increase in the magnetic field. Also, they have performed the
steady-state rheological measurement and fitted experimental
data with “Harshell and Bulkley” (H. B. Model) to calculate
yield stress. A good agreement between experimental data
and fitted data has been observed. Furthermore, they have
concluded that the yield stress of MNFs has been improved
significantly with increment in particle loading and magnetic
field [6], [8]-[11].

The main focus of this work is to experimentally investigate
and establish a correlation between rheological properties and
varying size of MNPs. CoFe,Os4 MNPs were synthesized
by standard coprecipitation method, and three different MNF
samples A, B, and C were prepared by precipitation at three
different pH values 8, 10, and 12, respectively. XRD and high-
resolution transmission electron microscope (HRTEM) have
been used to investigate the purity and crystallinity of all the
samples. Rheological measurements were done in both static
and dynamic mode. Non-Newtonian shear thinning behavior
of samples was confirmed by static rheological measurements,
and dynamic oscillatory measurement confirms the solid-liquid
phase transition. In this work, we have presented a detailed
experimental study on rotational and oscillatory behavior. The
experimental results are in good correlation with theoretical
models showing the viscoelastic behavior of fluid samples.

II. SYNTHESIS
A. Materials

The raw materials used for the synthesis of cobalt ferrite
nanocrystalline particles are iron (III), chloride anhydrous
(FeCl3), cobalt (II), chloride hexahydrate (CoCly.6H,0),
sodium hydroxide (NaOH), oleic acid pure(CigH3402),
hydrochloric acid (HCI), acetone, and kerosene, and were
procured from Merck Chemicals. All the chemicals were
used as received, without any further purification. Deionized
water (DI) was obtained by SHRO-plus DI (18 MQ) system.

B. Preparation

For the synthesis of MNPs, we have adopted the chemical
coprecipitation technique. We have taken a salt solution of
Co?* and Fe** ions in the ratio of 1:2. The salt solution was
mixed and homogenized at 80 °C for 15 min at 500 rpm.
Temperature is maintained constant, and 1 M NaOH solution
is added dropwise to this mixture (~9 ml/5 min) to increase
the pH of the solution. The change in color of the solution
confirms the formation of a precipitate. Three samples A,
B, and C were prepared at three precipitating pH 8, 10,
and 12 by adding different volumes of NaOH solution. The
mixture was stirred under the same condition for one hour.
The precipitate is then washed several times using magnetic
decantation with water and ethanol to remove any trace of
impurities. The precipitate is then coated with oleic acid by
stirring for 20 min. The coated particles are again filtered and
washed with DI water and acetone to remove all the impurities.
Following this, the obtained precipitate is dried for 18 h at
70 °C [12]-[14].
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III. CHARACTERIZATION
A. Structural and Morphological Characterization

Structural (crystallinity and phase) and morphology (shape
and size distribution) have been confirmed by XRD and
HRTEM. The structural characterization of synthesized MNF
was done using multipurpose XRD (Rigaku Ultima IV). The
identity, phase, and crystallite size of the sample were deter-
mined by RIGAKU XRD at a slow scan speed of 0.5°/min in
the range 20°-80°. XRD curves of all samples were fitted with
the Williamson—Hall (W-H) model to investigate crystallite
size and strain. Surface morphology (shape and size) of the
samples were investigated using HRTEM (FEI, Tecnai G2,
F30, STWIN).

B. Rheological Characterization

Static and dynamic rheological measurements were per-
formed using magneto-rheometer to investigate the viscoelas-
tic behavior of MNFs. The effect of particle size distribution
on MVE is observed by keeping all other parameters, such as
particle concentration, carrier fluid, surfactant, etc., which can
cause a change in MVE, the same. These measurements were
corroborated with theoretical predictions, and results were
fitted with various models to provide better insight into the
viscoelasticity of MNFs. The viscoelastic properties of the
samples were investigated using magneto-rheometer (Anton
Paar GmbH MCR 301). The measurement was performed
using standard rotation geometry MRD-70, on spindle PP-20
with a transverse magnetic field, which is coaxial to the
direction of parallel plate geometry. Thermostatic bath
(£0.1 °C) was used to maintain the constant temperature, and
the gap between the parallel plates was optimized to 1 mm.

IV. RESULTS AND DISCUSSION
A. Characterization of Nanoparticles

The XRD pattern of prepared CoFe,O4 nanoparticles of
samples A, B, and C are shown in Fig. 1(a). The char-
acteristic diffraction peaks perfectly match with the cubic
crystalline structure of CoFe;O4 (ASTM card no.: 22-1086).
The peak positions at 20 = 30.084, 35.437, 43.058, 56.973,
and 62.585 perfectly match with planes 220, 311, 400, 511,
and 440, respectively, of cubic spinel ferrite structure

kA
Phkicosl = ) + de sin 6. ()

Equation (1) is known as Williamson Hall equation, where
Pk is full width at half maximum (FWHM) of different peaks,
k is dimensionless shape factor, 4 is the wavelength of x-ray,
D is crystallite size, and € is the microstrain occurs from the
peak broadening. In (1), the strain is assumed to be uniform
in all crystallographic directions. In Fig. 1(b)-(d), fcos@ is
plotted with respect to 4sin & for all the peaks of CoFe,O4 for
the three samples. Strain and particle size are calculated from
the slope and y-intercept of the fitted line, are shown in Table I.
From the lattice parameters calculations, it is observed that
crystallite size has been reduced on increasing pH due to
decreasing particle size, and strain gets increased due to
lattice shrinkage. The reduction in crystallite size is observed,

Authorized licensed use limited to: National Physical Laboratory. Downloaded on June 03,2020 at 06:00:03 UTC from IEEE Xplore. Restrictions apply.



MISHRA et al.: MEASUREMENT OF STATIC AND DYNAMIC MAGNETO-VISCOELASTICITY

— A

(a) (311)

(a.u)

Intensi

50 70

40 60
2 Theta (degree)

30

Al o012 B o014

- c
0.010
S = 0.010 g "o
0.008 ] 8 \
2 0.008 = 0.010
0.006 (k 0.006. (N 0.008 (d)

20 24 28 32 38 20 24 28 32 38 24 28 32 38
4sin 4sing 4Sina

pcoso

Fig. 1. (a) XRD pattern of CoFepO4 of samples A, B, and C.
(b)-(d) W-H plot of samples A, B, and C, respectively. From W-H plot, the
strain is calculated from the slope, and the crystallite size is obtained from
the y-intercept of the fit.

TABLE 1
STRUCTURAL PARAMETERS OF CoFe;O4 AT VARYING pH

Crystallite Size

3 o,
Sample (nm) Strain (%)
Sample A 8.8302 (6) 0.0035 (6)
Sample B 8.235(1) 0.003 (5)
Sample C 6.390 (4) 0.004 (1)

which is primarily due to the increased number of nucle-
ation sites at higher pH due to which, particle size has also
decreased.

B. TEM Analysis

For detailed investigation about microstructure, all three
samples A, B, and C were characterized by HRTEM (FEI,
Tecnai G2, F30, STWIN) operated at 300 keV accelerating
voltage. Fig. 2(a), (d), and (g) are the TEM images of
samples C, B, and A, respectively. These TEM images show
a significant variation in the nanoparticle’s sizes with a change
in the precipitating pH. In sample C, the particles size is in the
range from 2 to 15 nm, whereas the particles size of sample B
is in the range from 5 to 30 nm, and in sample A, the size of
particles is in the range from 5 to 40 nm. So we can clearly
see that the average particle size is decreasing with increase
in precipitating pH. Furthermore, Fig. 2(b), (e), and (h)
are the selected area electron diffraction (SAED) pattern
images of CoFe,;O4 nanoparticles of C, B, and A, respectively,
in the reciprocal space. Dotted rings in the SAED pattern
confirm the polycrystalline nature of particles. SAED pattern
in Fig. 2(b) of CoFe;O4 nanoparticles of sample C shows
the interplanar spacing 2.97 and 2.53 A corresponding
to [220] and [311] plane of CoFe;Oq4, respectively.
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In Fig. 2(e) and (h), SAED pattern of CoFe;O4 nanoparticles
of sample B and A clearly shows the interplanar spacing 4.85,
2.97, and 2.53 A corresponding to [111], [220] and [311]
plane, respectively, of CoFe,O4 nanoparticles. These results
are also in good agreement with XRD data of CoFe;O4
nanoparticles. Fig. 2(c), (f), and (i) are the high-resolution
TEM images of CoFe,Os4 nanoparticles of C, B, and A,
respectively. Interplanar spacing 2.53 and 2.1 A, which
corresponds to [311] and [400] atomic plane of CoFe;Oq4
nanoparticles of C in HRTEM image [Fig. 2(c)] and also
the particle size is near to 9.9 nm in this image. Interplanar
spacing 2.53 and 2.97 A, which corresponds to [311] and
[220] atomic plane of CoFe;O4nanoparticles of B in HRTEM
image [Fig. 2(f)] and particle size is near to 20 nm in HRTEM
image. Interplaner spacing 2.53 A is corresponding to [311]
atomic plane of CoFe;0j.

C. Rheological Properties

1) Effect of Steady Shear on Viscosity: The dependence
of viscosity on shear rate has been studied under varying
shear rate (0-200 s~!) at constant field strength 0.18 T. The
applied magnetic field shows a very strong influence on all the
samples. The particle size of sample A is large as compared
to sample B, followed by sample C. Fig. 3(a) shows the
dependence of viscosity on the shear rate at different samples
of CoFe;O4 MNEF. The flow curve of all three samples can be
divided into three regions;

1) At very low shear rate (0-5 s~!), particles form chain
structures in the direction of the field and show high
viscosity due to strong dipolar interaction. In this region,
interparticle dipolar interaction is greater than in hydro-
dynamic forces.

2) At moderate shear rate (5-20 s_l), the chains start
breaking due to greater applied forces, and thus,
the dominance of hydrodynamic forces on magnetic
forces. Thus, viscosity starts decreasing with an increase
in shear rate. In this region, the fluid shows non-
Newtonian shear thinning behavior.

3) At high shear rate (20-200 s~!), chains get completely
destroyed, and MVE diminishes. In this region, fluid
displays Newtonian behavior. It can be noted from
Fig. 3 that the viscosity of sample A is much greater
as compared to viscosity of samples Band C. This is
due to the fact that the dipolar interaction of particles
at sample A is very high followed by samples B and C.
Due to this, the chain formation of sample A is strong
and less number of chains breaks in the shear rate range
(0-200 s~ ') as compared to other samples. The chain
formation in the magnetic field at sample C is very weak,
that breaks on a large scale and leading to the reduction
in viscosity. Fig. 3(a). shows the viscosity versus shear
rate curve that has been fitted with power law

n=cj" + no ()

where ¢, n, and 7o, are fitting parameters, as shown in Table II.
The value of exponent lies between —0.75 and —0.85,
which shows strong shear thinning behavior of all samples
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(a), d), and g) are the TEM images of CoFe;O4 nanoparticles of C, B, and A, respectively. Fig b), e), and h) are the SAED pattern of CoFe;Oy4

nanoparticles of C, B, and A, respectively. Fig c), f), and i) are the HRTEM images of CoFe;O4 nanoparticles of C, B, and A, respectively.

TABLE 11
VISCOELASTIC PARAMETERS FOR DIFFERENT SAMPLES

Tp n
Sample  po) e 4 Neo
A 282 407503) 0252(7) 014 @
B 7() 171509) 0295(6) 01162 78
C  24(6) 1277(5 0325(5) 00762 70

of CoFe;O4. From Fig. 3 inset, it can be concluded that value
oo decreases with a decrease in particle size, and n increase
with particle size decrease. Fig. 3(b) shows shear stress versus
shear rate curve. At very low shear, there is a rapid increment
in shear stress. This kind of behavior is well represented by
Bingham law

T =18 + 1Py 3)

where 7 is shear stress, 7p is yield stress, #p is field dependent
viscosity, and y is the shear rate. Yield stress is the minimum
value of shear stress at which chains start to break.

Fig. 3(b) shows the variation of yield stress with particles
size of the sample. It is observed that yield stress decreases
sharply on decreasing size. This is because, at small particle
size, particles form small aggregates due to lower dipolar
interaction and show paramagnetic behavior with a decrease

in particle size, as grain boundaries increase. These grain
boundaries have a larger surface area, due to which, the friction
force between the two boundaries is very large in comparison
to particles with lower grain boundaries. Thus, sample A
displays lower viscosity in the absence of a magnetic field
and higher viscosity in the presence of the field. During the
rheology experiment, the samples are subjected to preshear
of 20 s~! for 30 s. Following this, the constant magnetic
field was applied, and the shear rate was ramped between
0 and 200 s~!. It should be noted that all the three samples
showing similar behavior with varying stress value, which
means varying shear rate on viscosity at the constant magnetic
field is same for all three samples, but the value of viscosity
changes. This is due to the different particle sizes of the three
samples A, B, and C [15]-[17].

2) Magneto Sweep on Constant Shear Rate: The effect
of varying magnetic field on the viscosity of all the samples
at a constant shear rate (50 s~') is shown in Fig. 4. All
the three samples are subject to the varying fields between
0 and 1 T at a constant shear rate of 50 s~'. We have done
the measurement in different shear rates, such as 10, 25, 50,
100, and 200 s~!. The response of all the samples are almost
simple and showing the same trend, and the only variation
is in magnitude. Thus, we have shown only 50 s~! shear
rate result. The increase in viscosity of all three samples on
increasing magnetic field can be understood as on increasing
field the magnetic flux density increases. This attributes to
the formation of a chain-like structure, which increases the
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Fig. 3. (a) Effect of varying shear rate on viscosity at a constant field
of 0.18 T for CoFe;Oy4 of samples A, B, and C. (b) Shear stress versus shear
rate curve for different size particle samples A, B, and C.
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Fig. 4. Variation of MVE with different particle size samples A, B, and C;

i.e., viscosity versus magnetic flux density at a constant shear rate of 50 s,

It is evident from the figure that MVE is more prominent sample A.

resistance to fluid flow. However, the particle interaction
of sample A is very strong. This leads to stronger dipolar
interaction than hydrodynamic forces, resulting in impregnable
structure and higher viscosity of sample A as compared to
sample B and sample C. The particle interaction of sample C
is very weak, due to low resistance to fluid flow [18]. Due
to this, the viscosity of sample C is lowest in comparison to
samples A and B. Thus, we can conclude that with increase
in particle size the MVE is more prominent and for lower size
particles, dipolar interaction decreases which lead to lower
viscosity of the sample and lower MVE [16], [19]-[21].
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Fig. 5. (a) Strain Amplitude Sweep at a constant angular frequency and
constant field. (b) Schema of application of strain. (I) in static equilibrium,
(II) on applying magnetic field, (III) at crossover strain, (IV) on increasing
strain, (V) at very high strain.

3) Strain-Amplitude Sweep: Strain amplitude sweep was
performed under oscillatory shear to measure the viscoelastic
properties of the sample. Fig. 5 shows strain amplitude sweep
for all the three samples A, B, and C by varying strain
from 0% to 100% at the constant magnetic field (0.5 T) and
constant angular frequency (50 rad/sec). The storage/ elastic
modulus (G’) and loss/ viscous modulus (G”) are plotted
as a function of strain in this curve. At very low strain
amplitude, the viscoelastic modulus is independent of strain.
This region is called linear viscoelastic region (LVE). In this
region G* > G, the elastic behavior dominates the viscous
behavior. This is due to dominant magnetostatic forces (f;)
over hydrodynamic forces (f;), which confirms the existence
of an elastic nature in the sample. With the increase in strain,
the hydrodynamic forces start to dominate over magnetostatic
forces and dissipation of stored energy increases.

Thus, the field-induced structure breaks down and displays
liquid-like behavior. The crossover between G’ and G”
indicates the transition from solid to liquid-like behavior.
For the three samples, the crossover of G’ and G” at critical
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strain (y.) is different. The critical strain of sample A is
greater than sample B, followed by sample C.

This shows that the particles of sample A have greater
storing capacity compared to other samples in the field.
In sample C, due to weak structuration, the value of critical
strain is very low. Fig. 5(b) shows the effect of increasing
strain on G” and G” of all the three samples. Solid circles
represent the majority of elastic modulus G’. Purple and
white circles represent short-chain and nonmagnetic carrier
fluid molecules, respectively, which contribute to G.” In static
equilibrium, the MNF behaves like Newtonian fluid, consisting
of all the magnetic particles and carrier fluid molecules freely,
as shown in (I). On the application of the magnetic field,
the chain framework structure holds all the magnetic particles
and kerosene tightly containing all the longer chains, shorter
chains, and free molecules of carrier fluid. So that the MNF
behave like gel as shown in (II). At very small strain y < y.,
the chain framework withstands the small shear stress due to
small strain. Thus, the chain framework is the same as the
static equilibrium and G* > G.” In (II), when y = y., the
sum of long chains breaks into short chains, leading to an
increase in G” and decrease in G’. Thus, at crossover strain
G’ =G.” In (IV), y > y., long chains destroyed significantly,
and short chains and free particles increased, resulting in a
further decrease in G’ and increase in G.” In (V), at very
high strain, a complete destruction of long chains and fine
dispersion of magnetic particles is reached, and viscoelastic
liquid is obtained [22]-[24].

4) Frequency Sweep Measurement: Frequency sweep
has been performed to measure the variation of storage
modulus (G’) and loss modulus (G”) with a varying angu-
lar frequency. Fig. 6. Shows frequency sweep for all the
three samples by varying angular frequency between 0 and
100 rad/sec, at constant strain (5%) and constant field (0.5 T).
The curve shows the effect on G and G” under varying
angular frequency. In this curve, the storage modulus (G’)
increases with an increase in angular frequency (w), due to
the formation of long chains.

On increasing frequency under the constant field, the length
of chain increases, leading to an increase in the storing
capacity of all the samples. From Fig. 6 it can be concluded
that loss modulus of all three samples is nearly similar, but
the storage modulus of sample A has larger slope compared
to samples B and C. The particle size of sample A is large,
which leads to faster and strong chain formation than other
samples. Sample C has the lowest storage modulus slope due
to the formation of small chains. It is observed that the loss
modulus does not have much effect on the angular frequency,
and it shows a constant linear behavior [7], [24]-[27].

5) Field-Induced Relaxation Study: The variation of vis-
cosity of all the samples with time when subjected to the
pulse of the magnetic field (0.35 T) is shown in Fig. 7. In this
figure, three regions can be seen as: 1) magnetic field OFF;
2) magnetic field ON; and 3) magnetic field OFF.

At the boundary of 1) and 2), there is an instant increase in
viscosity due to enhanced dipolar interaction. On the removal
of the magnetic field, again it shows the instant decrease in
viscosity, due to dominating shear forces, which destroys the
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magnetically induced chainlike structures. However, the vis-
cosity in the region 3) is greater than the initial viscosity in the
region 1). This indicates that part of the structure formed has
not been destroyed completely or new aggregates have been
reestablished. The decrease in viscosity with time in region 3)
is related to gradual distortion of aggregate structures; i.e.,
breaking of chain-like structure, as shown in the schema of
Fig. 7, which indicates that magnetic particles retain some
memory of the applied magnetic field [28], and a very fast
response time was observed for typical magneto rheological
(MR) fluid [29]-[31].

V. CONCLUSION

In summary, the size-induced effect on static and
dynamic viscoelastic properties of CoFe,O4 was investigated.
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CoFe;0O4 MNF synthesized by chemical coprecipitation
method with a size variation in the range 9-30 nm is achieved
by varying the precipitating pH. This has been confirmed
with TEM micrograph and reduction in size with an increase
in pH is evident from the micrograph. Furthermore, struc-
tural analysis was performed using XRD, which confirms the
cubic spinel structure, and crystallite size and strain have
been calculated using the W-H method. With an increase
in pH, the crystallite size decreases, and strain in the parti-
cle increases. Static rheological measurements with varying
magnetic field and shear rate were performed to investigate
the MVE, which becomes more prominent with an increase in
particle size. These results are corroborated with power law
and Bingham model confirming non-Newtonian shear thinning
behavior. Also, MNFs show a complete reversible transition
with/without magnetic field condition as, in the absence of
magnetic field, MNFs with lower particle size distribution
shows higher viscosity, whereas in the presence of field it
shows higher viscosity. The rheological measurements show
non-Newtonian shear thinning behavior of MNF. The main
reason for this transition can be predicted as the presence
of higher grain boundaries in the absence of magnetic field
which leads to increase in interparticle friction contributing
higher viscosity, whereas in the presence of field interparticle
dipolar interactions are greater leading to higher viscosity.
Furthermore, the dynamic mode oscillation of strain amplitude
and frequency sweep confirms the crossover transition from
solid-liquid behavior. The transition strain amplitude shifts
toward higher strain value with increase in particle size which
confirms the higher MVE with an increase in size. Thus,
we can conclude that the optimized MVE by controlling the
size can be effective for various applications in numerous areas
of engineering and biomedical.
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