Applied Physics A

Materials Science & Processing

=

Check for
updates

Applied Physics A (2022) 128:591
https://doi.org/10.1007/500339-022-05720-9

Rheological investigation of strain rate and magnetic field
on the magnetorheology of zinc ferrite ferrofluid

A. Abideen Ibiyemi'® - Gbadebo Taofeek Yusuf?

Received: 24 March 2022 / Accepted: 22 May 2022 / Published online: 18 June 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2022

Abstract

The major problems disturbing the rheology of magnetic fluid are deformation of magnetic aggregate and destruction of
field-induced structure, and this has caused major drawbacks to the rheological systems. The magnitude of the deformation
is dependent on the percentage of the strain rate. To curtail the drawback and improve the rheology of the magnetic nano-
fluid, low strain rate application is required for fluid material testing. Henceforth, we examine the effect of strain rate and
magnetic field on the rheological properties of zinc ferrite ferrofluid (FF) using oscillatory sweep test. The rheology of the
fluid is examined in the absence and presence of magnetic field at strain amplitude 1%, 10%, 33%, and 100%. The magnitude
of the deformation varied as the strain percentage is altered. Low deformation is formed at strain 1% and 10%, this results
to the formation of improved and better rheological systemic function, and the rheological function is partially weakened
at strain 33%, whereas structural deformation is higher at strain 100%. At strain 100%, the rheological system is largely
weakened, but at strain 1%, the rheological system is enhanced. At low strain, high complex magnetoviscosity, low shear
stress, low rotating magnetic field, and improved viscoelastic system are formed, but, at high strain application, low complex
magnetoviscosity, high shear stress, speedy rotating magnetic field and poor viscoelastic system are formed. A steady-state
flow is formed when low relaxation modulus is applied. At high strain, high rotation is formed, and this breaks the rotating
magnetic field and destroys the magnetic structure, but at low strain, the rotation of the rotating magnetic field is low, and
this protects the aggregates from destruction. The synthesized particles were ultra-sonicated and coated with oleic acid to
curtail agglomeration of the particle. The storage modulus (G’) is largely greater than loss modulus, and this established the
formation of dominant elastic structure. From TEM analysis, a spherically shaped nanoparticle is formed. The XRD analysis
indicates the formation of cubic structure and Fe-phase in trivalent state. The hopping lengths in the tetrahedral site A and
octahedral site B are 3.61 nm and 2.94 nm, while the lattice parameters a and ¢ are 8.3298 A and 13.7501 A.
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shear stress acts upon the fluid flowing, the percentage of the

shear strain is actually significant, because fluid is progres-
sively deforming due to increasing shear strain. The rate of

1 Introduction

This research accurately examines the effect of strain rate

on the rheology of zinc ferrite nanofluid. Reports show that
shear strain is useful in changing the dimensions of fluid
particle structure upon the application of stress, and the
dimension of particle structure is changed or deformed base
on the percentage of the strain. In fluid mechanics, when
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deformation is dependent on the percentage of the strain.
If a material is acted upon by low strain rate, the dimen-
sion of the fluid structure does not significantly change,
and this implies the formation of minimal deformation [1,
2]. However, if material is acted upon by high strain rate,
the dimension of the fluid structure significantly changes,
and this illustrates the formation of maximal deformation
[1-3]. According to Yang et al., Ibiyemi et al., and Maurya
et al., strain deformation is higher at high strain rate region,
whereas strain deformation is low at low strain rate region;
this occurred due to difference in dimensions of the fluid
structures. One of the purpose of this study is to examine the
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strain rate sensitivity on the viscosity and elastic nature of
the fluid. In 2022, Maurya and Sarkar reported that the shear
stress is increased with increasing strain; this closely agrees
with our present findings. This also agrees with experimental
findings reported by Yang et al. Ibiyemi et al. reported that
ferrofluid is strain sensitive, and the research team showed
that at low strain, the fluid is dominated with elastic struc-
ture and exhibits solid-like nature. Enhanced elastic struc-
ture is formed due to minimal deformation of fluid structure.
However, at high strain application, the elastic structure is
destroyed, and the structure of the fluid is largely deformed
due to high strain application.

In the presence of magnetic field, the magnetic-induced
aggregate destroys at high strain; this occurred, because
the magnetostatic force is not susceptible of resisting the
effect of high strain, and the magnetic structure is hence-
forth destroyed. However, at low strain rate, the magnetic
aggregate does not destroy; this occurred, because the low
strain application is not susceptible of destroying the mag-
netic aggregates. Ibiyemi et al. reported the formation of
crossover between the storage modulus and loss modulus,
and the crossover point illustrates the point at which the
elastic microstructure of the fluid particles is destroy at high
strain region. The formation of crossover point reveals the
formation of phase transition from solid-like state to liquid-
like state. Chattopadhyay et al. reported the formation of
elastic dominant system at low strain region; at this region,
the storage modulus is higher than the loss modulus. The
system becomes viscous dominated at high strain rage region
[4]. Similar experimental observation was reported by
Prasad and Gangadharan in 2014 [5]. Yongbo et al. reported
experimental finding which precisely conform to our result,
because storage modulus is extremely dominant over loss
modulus; this suggests the formation of elastic dominant
structure and solid-like magnetorheological fluid [6]. Mit-
sumata and Okazaki [7] reported the dependent of storage
modulus on strain rate, the storage modulus is diminished
as the strain rate is increased, and this result accurately con-
forms to result reported from current findings. Zukas and
Tailor examined the effect of strain on the plastic and elastic
structure of iron; it was reported that at low strain, elastic
structure is formed, whereas plastic structure is formed at
high strain rate. This experimental result cordially agrees
with our findings [8].

Details from present experimental findings revealed the
formation of enhanced rheological characteristics at low
strain rate; this is formed due to formation of higher magne-
toviscosity, low shear stress, low rotating magnetic field, and
improved viscoelastic system. However, at high strain rate,
the rheological system is weakened; this occurred, because
the system exhibits lower magnetoviscosity, high shear
stress, speedy rotating magnetic field, and poor viscoelastic
system. At low strain rate, the system exhibits low structural
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deformation due to the effect of low shear stress, the low
shear force cannot withstand the magnetostatic forces bind-
ing the particles together, and this protects the particle
aggregates from destruction. While at higher strain rate, the
magnetic structure is completely deformed; this occurred
due to high strain application which completely destroys the
magnetic aggregates. The destruction of the magnetic aggre-
gate leads to formation of extremely low magnetoviscosity.

Magnetorheological fluids (MRF) are a typical smart
magnetic material that exhibit the characteristics that spe-
cially show response to phase transition from liquid state
(viscous) to a semi-solid state (elastic), and MRF reveal
magneto rheological effect under the application of mag-
netic fields. MRF exhibit useful properties and has typical
features that links with mechanical systems such as vibration
and torque transmission. The typical mechanical systems
include hydraulic system, brakes, seismic vibration damp-
ers, shock absorbers, clutches, control valves, and artificial
joints [9]. Some other applications of magnetic fluid include
isothermal magnetic advections [10], precision polishing
[11-13], biomedical applications [14], sound propagation
[15], and chemical sensing applications [16, 17], and all
these applications involve the use of magnetic field. Some
other reports showed that ferrite nanoparticles are useful as
gas sensors [18], magnetic substance [19, 20], ferrofluids
[21], microwave [22], and transformer cores [23]. Ferrite
(Fe,05) can be used in creating a nanocomposite purposely
for the formation of hydrogen storage and photocatalytic
activities. The photocatalytic activity involves the removal of
water contaminant, and this application was formed by mix-
ing ferrite (Fe,O5) with certain compound such as EuvVO,
and g-C;N, [24]. Monsef et al., reported in 2021, that
ultrasonic treatment of Fe,O; nanostructure can accurately
restructure the structural and magnetic behavior of ternary
composite at nano-range. A nanocomposite EuVO,/g-C;N,
mixed with Fe,O; exhibits a large hydrogen storage capacity
and better photocatalytic activity. The coexistence of ferrite
with EuVO,/g-C;N, nanocomposite can be used for water
treatment via photocatalytic system [24]. The formation
of enhanced electro-catalytic activity was also reported by
Monsef et al., and the research team also reported the use of
magnetic Fe,0,/EuVO,/g-C;N, nanocomposite for electro-
chemical activities. Another report from Zinatloo-Ajabshir
shows that the composite of cobalt ferrite is useful as photo-
catalyst for the degradation of organic contaminant. Cobalt
ferrite that coexists with tin oxide (TiO,) and Dy,Ce,0, can
also be used for removal of water contaminant [25]. Vari-
ous methods have henceforth been used by various research
teams for the synthesis of ferrite magnetic samples. Kom-
baiah et al. used microwave-assisted combustion to synthe-
size ZnFe,0,, and other methods reported include thermal
decomposition, sol-gel, co-precipitation, ball milling, oxida-
tion, and hydrothermal [26-33].
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When magnetic particles are dispersed in a liquid
medium, a stable, non-concentrated nanomagnetic fluids
known as ferrofluid is formed. In consideration of the parti-
cle size, concentration of the fluid particles, and the nature
of the carrier medium, the rheological effect of the mag-
netic fluid such as Newtonian or non-Newtonian behavior
is formed regardless of whether external magnetic field is
applied. The magnetic size of the nanomagnetic particles
is dependent on the structure of the external magnetic field
[34]. Magnetic structure such as chain-like aggregate is
formed when magnetic field is applied, and study shows
that the nature of the chain-like aggregates is dependent
on the strength of the applied magnetic field. Result from
this work shows that the strength of the magnetic structure
determines the rheological performance of the concerned
magnetic fluid. [llustrations from existing literature show
that rheology of the magnetic fluid is based on relevant fac-
tors such as the magnetic field, strain rate, shear rate, sur-
factant, and particle concentration. Under certain condition,
the rheological properties of the magnetic fluid are depend-
ent on the shape of the disperse phase [35]. The magnetor-
heological effect of the ferrofluid is mostly attributed to the
formation of field-induced magnetization of the suspended
nanomagnetic particles. The particle suspensions exhibit a
relatively low viscous effect in the absence of magnetic field
due to non-formation of field-induced magnetization and the
particles are not magnetically interacted. In the presence of
magnetic field, the particles are magnetized, and interact
with one another along the direction of the magnetic field
and form anisometric particle aggregates that traverse the
system.

Recent studies show that rheological properties can be
modified by optimizing the synthesis parameters. The prop-
erties are modified to create better nanofluid environment.
Several measures have henceforth been taken to ensure the
formation of better magnetic fluid, one of which is to create
a stable fluid environment which has been very difficult to
form. However, the formation of the nanofluid is being faced
with drawback due to formation of particle coagulation, and
this typically affects the fluid stability. Coagulation of par-
ticle affects the settling rate of the particles and restricts
the fluid performance [36]. Several measures have hence
been taken to lower the settling rate of the fluid particles,
one of the measures include coating the fluid medium with
liquid surfactant such as oleic acid, and this creates ena-
bling environment that reduces the settling rate of particles
of the nanofluid to lowest minimum in such a way that the
particles are well dispersed in the fluid medium [37]. Other
measure includes the application of magnetic field; upon the
application of magnetic field, magnetic particles are polar-
ized; the magnetic particles are binded to their respective
aggregates and form chain structures from which number of
cavities are created. The cavities are filled by particles and

form a nanobridge of colloidal system [38]. The rheological
properties of the nanofluid are improved due to formation of
stable fluid environment, and the stable nature of the fluid
makes it to be useful in various device applications, such as
lubricants, dampers, bearings, and clutches [39].

This research work focuses on the synthesis of zinc fer-
rite magnetic nanofluid and examines its rheological effect.
The magnetoviscosity and the viscoelastic properties of the
synthesized fluid are examined both in the absence and pres-
ence of magnetic field. The effect of strain rates on the mag-
netorheological properties is also examined. The main sig-
nificance of this findings is to establish a suitable condition
required for the formation of enhanced rheological effect.
From our result, we see that enhanced rheological system
is formed only with minimum structural deformation, and
this deformation is dependent on the percentage of the strain
rate. Via minimum deformation, enhanced magnetoviscos-
ity, small rotating magnetic field, and low shear stress are
utmostly formed. Literature show that most findings are only
based on investigation of fluid rheology under the applica-
tion of single strain rate, most findings are based on strain
rate 100%, and this implies that the structural deformation
has not been actually controlled based on the strain rate
effect. In our study, different strain rates are employed; this
allows us to control the deformation caused by strain rate
effect. The application of varying strain rate can be actu-
ally used to monitor and control the deformation of struc-
ture. The structural deformation is controlled through the
application of varying strain rate. Although, a lot of studies
have been carried out purposely to monitor deformation but
based on other parameters, such as magnetic field strength,
shear rate, material structure, etc. Prior the analysis of rheo-
logical properties, the particle microstructure and surface
morphology is determined using X-ray diffraction technique
(XRD) that operates with CuKa radiation in the 26 range of
10°-80° with step size 0.02° in a continuous scan mode with
scan speed 3000: Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), and High Reso-
lution Transmission Electron Microscopy (HRTEM). The
atomic composition and optical effect of the fluid particles
are examined using Fourier Transform Infrared (FTIR) and
Photoluminescence Spectroscopy (PL). The magnetic ele-
ments such as saturation magnetization, remanence magneti-
zation, and coercivity are examined using Vibrating Sample
Magnetometer (VSM).

It has been accurately established that micro-structured
materials exhibit remarkable physico-mechanical properties,
such as elasticity, stiffness, hardness, etc. The implementa-
tion of a suitable size-dependent elasticity theories to prop-
erly examine the physico-mechanical response of zinc ferrite
microstructure is proposed for future research findings. Since
present work is purely experimental, we therefore propose
to implement some mathematical models to validate already
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conceived experimental results. Our proposition involves
the use of higher order elasticity theory which presents sig-
nificant evidence of accurately established size-dependent
elasticity models such as modified nonlocal strain gradient
model, strain gradient model, and nonlocal strain-driven gra-
dient model. These originated higher order elasticity models
can be accurately use to examine the structural property of
magnetic nanofluid and characterize the structural composi-
tions of cutting edge nanostructures as reported by Faghidian
in 2021 [40]. In 2021, Faghidian reported that two frame-
works which include nonlocal elasticity model and gradi-
ent elasticity theory have been extensively used by various
researchers to fine-tune the physico-mechanical responses of
materials at nano-range. Faghidian also reported that phys-
ico-mechanical properties such as stiffening and softening of
structures can be accomplished using augmented elasticity
theory [41]. Faghidian also reported that nonlocal modified
gradient elasticity theory can be used to provide a practical
proposition to examine the nano-outlook of the field quanti-
ties. In 2021, Faghidian used flexure mechanics of nonlocal
modified gradient to accomplish the structural responses of
physico-mechanical characteristics such as stiffening and
softening at nano-range [42]. Nonlocal modified gradient
theory can be used in nano-scopic study of dynamic and
static characteristics of nano-scale elastic material [42].
Since zinc ferrite ferrofluid is dominated with elastic struc-
ture, nonlocal modified gradient theory is accurately fit for
investigating the elastic nature of the structure. Other report

from Faghidian illustrates that higher order mixture nonlo-
cal gradient theory of elasticity was formulated by means
of consistently unifying nonlocal elasticity, and this unify
model is suitable for examining the micro-elastic structure of
fluid [43]. Similar scientific fact was reported by Faghidian
in 2022, and he reported that the nano-scopic response of
advanced nano-materials can be characterized using general-
ized gradient elasticity theory [44].

2 Methodology

Figure 1 shows the schematic diagram of the experimen-
tal procedure of zinc ferrite ferrofluid. The required solu-
tion used to synthesis zinc ferrite magnetic nanoparticles is
formed by mixing anhydrous iron (IIT) chloride (FeCl;) and
zinc (II) chloride hexahydrate (ZnCl,.6H,0). Prior the syn-
thesis of the zinc ferrite particles, the beakers were cleaned
using deionized water and later rinsed using acetone. The
beakers were cleaned to get rid of impurities that could be
present in the beakers. All chemicals were procured from
Merck Chemicals. We obtain deionized water (DI) using
SHRO-plus DI (18 MQ) system. Zinc ferrite nanomagnetic
particles were synthesized using chemical co-precipitation
technique. Aqueous salt solutions of Zn>" and Fe** ions in
the ratio of 1:2 were employed. The needed amount of aque-
ous solutions was weighed using digital weighing balance,
dissolved it in deionized water, and heated for 30 min at

FeCls + distill water heated with magnetic
stirrer and stirred for 30 min at 60°C

ZnCh.6H20 + distill water heated with
magnetic stirrer and stirred for 30 min at 60°C

|

|

FeCl3 + ZnCl.6(H20) + distill water

|

Addition of NH4OH in drops until pH is 11

Heated and stirred for

one hour at 60°C

NaOH is added to —
stabilize the pH %

ZnFe304 precipitate is washed, centrifuged and decanted

ZnFe304 nanoparticles is

|

dried using hot plate and
grinded

The precipitate is coated with oleic acid and dispersed in kerosene

|

ZnFe304 ferrofluid

Fig. 1 Schematic diagram of experimental procedure of zinc ferrite ferrofluid
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60 °C using magnetic stirrer in a separate beaker. The solu-
tions were stirred to form homogeneous solution. The solu-
tions containing Zn** ions and Fe** ions were later mixed
together and heated for 1 h. Ammonia solution was added in
drops to obtain precipitate until a pH 11 is formed. One mole
of sodium hydroxide (NaOH) is added to the mixture of Zn*t
and Fe®* to stabilize the pH of the liquid solution. After the
formation of the zinc ferrite particle, the precipitates were
carefully washed severally and treated via decantation pro-
cess. The precipitate was coated with oleic acid and stirred
for 15 min. The coated particles were filtered and washed
with deionized water and acetone to get rid of all kind of
impurities. The particles were dispersed in kerosene and
form a wet slurry. The slurry was centrifuged at 12,000 rpm
to obtain smaller size particles; this is to ensure the separa-
tion of larger particle sizes; therefore, ZnFe,O,-based fer-
rofluid was obtained. The X-ray diffraction patterns were
obtained using Rigaku Ultima multiple X-ray diffractometer.
The Scanning Electron Microscope was used to obtain the
particle morphology and microstructure. The absorption
bands were determined using Fourier Transform Infrared
(FTIR) spectrometer, the atomic composition was carried
out using Energy-Dispersive X-ray Spectroscopy, and rheo-
logical properties were investigated using an MCR-301
rheometer (M/s Anton Paar).

3 Results and discussion

3.1 Energy-dispersive X-ray and X-ray diffraction
analysis

The elemental composition of zinc ferrite powder was
examined by energy-dispersive X-ray spectroscopy. Similar
technique was used by Hassanpour et al. [45] and Ghiyasi-
yan-Arania et al. [46], to investigate the element and the
composition of Co;0,/Zn0O and FeVO,/V,05 nanocompos-
ite. The result obtained from EDS is illustrated in Fig. 2a.
The spectral shows the presence of zinc, iron and oxygen in
different proportion. The atomic weight of Zn>* ion com-
position from EDS analysis does not agree with the com-
position used during synthesis. This might be due to partial
substitution of Zn>* ions into Fe?* interstitial lattice which
possibly result to the formation of concentrated Fe** particle
as revealed by the histogram representation of the atomic
weight in Fig. 2b. Also, the Zn>* particles might possibly
occupy oxygen vacancies in the lattice, and the vacancies act
as trap center for charge carriers which is helpful in reducing
electron hole recombination. The EDS revealed the absence
of foreign element (impurity); this shows that the synthe-
sized nanoparticles is 100% pure.

The structure of zinc ferrite powder was examined using
X-ray diffraction technique. Similar technique was used by

Zinatloo-Ajabshir et al. [47], Panahi-Kalamuei et al. [48],
Davar et al. [49], and Monsef et al. [50], to investigate the
structural properties of Nd,0;-SiO, nanocomposites, SnO,
nanoparticles, CeO, nanoparticles, and V; (Mo, ,O,s—chitosan
(MV-CHT) nanocomposite. Figure 2c illustrates the XRD pat-
terns of zinc ferrite sample, and the X-ray shows the formation
of single-phase cubic spinel structure. The diffraction peaks
correspond with the cubic structure of ZnFe,O, (ASTM card
no.: 22-1086) and the peaks were obtained at various diffrac-
tion angles: 29.258°, 35.284°, 42.827°, 56.465°, 52.643°, and
62.734°. The peaks correspond to reflection planes (220),
(311), (400), (511), (422), and (440), respectively. The X-ray
diffraction showed the formation of Fe-phase in trivalent state
and formation of FCC framework [51-54]. From the X-ray
diffraction pattern, no additional reflection other than the FCC
structure was found and this nullified the formation of any
other phases unlike NiFe,O, reported by §epelék et al. [55]
which exhibit additional reflections plane. The preferred orien-
tation is found along (311) reflection plane. The multiple peaks
show that the ZnFe,O, sample is polycrystalline in nature. This
result favorably agrees with experimental findings reported by
Mahesh Chand et al. [57] and Akash Mishra et al. [56]. The
crystallite size was examined via Small Angle X-ray Scatter-
ing (SAXS), Derby Scherrer, and Williamson—Hall method
(W-H plot) using Egs. (1) and (2), and the crystallite sizes
obtained from these methods slightly vary from each other.
Derby Scherrer was also used by Panahi-Kalamuei et al. [48]
to examine the particle size of CeO, nanoparticles. The value
of the lattice dislocation, lattice parameters, hopping length
which is the distance between ions in the lattice, volume of
the unit cell, and X-ray density of zinc ferrite sample were
estimated using Eqgs. (3) to (9) [66]

_ kA |
_ﬁcose 1)
B cos0 = % +4 €sind, 2)

where k is constant factor, A is the wavelength, f is the full
width at half the maximum, D is crystallite size, and @ is the
diffraction angle. The crystallite sizes obtained from Small
Angle X-ray Scattering (SAXS), Derby Scherrer equation,
and W-H plot are 12.32 nm, 9.47 nm, and 10.03 nm, respec-
tively. The values of the lattice defects are 0.00487 linm~2,
0.013939 linm~2, and 0.007654 linm 2, respectively
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b= W’ C))
where XA is the sum of atomic weights of the atoms in the
unit cell, k is dimensionless shape factor, 4 is the wavelength
of X-ray, D is crystallite size, € is the micro-strain that
occurred from the peak broadening, L, is the hopping length
in the tetrahedral site A, and Ly is the hopping length in the
octahedral site B. The hopping lengths in the tetrahedral site
A and octahedral site B are 3.61 nm and 2.94 nm. The lattice
parameters a and ¢ are 8.3298 A and 13.7501 A. The volume
of the unit cell of the zinc ferrite nanoparticles is 239.653
A3, while the value of X-ray density is 5.2415 g/cm®.
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Scanning Electron Microscopy (SEM) technique was
used to examine the surface structure parameters, such as
surface morphology, surface porosity, grain shape, grain
growth, presence of second-phase particles, and surface
defect such as fracture. Similar technique was used by
Gholami et al. [46] and Ghiyasiyan-Arania et al. [58], to
examine the surface morphology of NiAl,0,/NiO nano-
composite and iron vanadate nanocomposite. The SEM
image revealed a fairly porous morphology, showing that
the particles are well compacted with negligible sur-
face fracture, as shown in Fig. 3a. In addition, there is
absence of surface defect such as cavity, pores, or hole.
Few whitish particles were found, we assume the presence
of the white traces on the surface to be Zn>* ion parti-
cles, and this shows the mixing effect of zinc with ferrite.
The morphology also reveals a closely packed structure,

EHT = 10.00 kV
Mag= 5.00KX

Signal A= SE1
WD = 85mm

S nm

spheric-spongy shape with absence of second phase. The
detailed studies of the Zinc ferrite microstructures were
conducted, as shown in Fig. 3. The particle size is deter-
mined using the Transmission Electron Microscopy (TEM)
image, as shown in Fig. 3b. The TEM showed that the
particles are uniformly dispersed in the suspension, and
this confirms the formation of stable nanofluid. Figure 3¢
shows the image obtained from HRTEM of ferrite sample
which exhibit inter-planar spacing that corresponds to lat-
tice reflection plane. The HRTEM image shows d-spacing
of 0.27 nm which corresponds to (311) reflection planes.
Information about the lattice spacing and atomic structure
is revealed. The grain boundaries and interface from the
HRTEM image were revealed. TEM image showed that
the nanoparticle is made of small nano-diameter clusters
of particles with formation of spherical shape.

20 nm

Fig.3 a SEM image of ZnFe,0, nanoparticles, b TEM, and ¢ HRTEM of ZnFe,0, magnetic nanoparticles
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3.2 Photoluminescence and Fourier transform
infrared spectroscopy of zinc ferrite magnetic
nanoparticle

We used photoluminescence spectroscopy to examine the
optical and luminescence effect of zinc ferrite particles. The
luminescence property of the light emitted by the chemically
synthesized ZnFe,O, nanomagnetic samples is analyzed.
The particle exhibits a very strong and narrow emission
band at wavelength 565 nm with formation of yellow emis-
sion, as shown in Fig. 4a. This particle is typically useful
in light emitting diode for the purpose of yellow emission.
The sharp luminescence peak is attributed to the presence
of a defect such as oxygen vacancies. The defect is due to
donor levels that is close to the conduction band edge of the
oxide [59]. The optical energy band gap of this compound
was calculated using 1240/4, and it was evaluated as 2.21 eV.
The FTIR spectra of the synthesized ZnFe,O, nanomagnetic
samples were used to examine the functional groups that
are present in the compound and its composition. FTIR pro-
vides information on the basis of the chemical composition
and physical state of the sample, and is very sensitive to
changes in molecular structure. The FTIR spectral of the
sample is represented in Fig. 4b. Strong absorption band
is revealed around 1550/cm due to the presence of O—-H-
stretching vibration of the free or absorbed water, as shown
in Fig. 4b. This confirms the presence of hydroxyl groups
in ZnFe,0, nanomagnetic samples [60]. The weak bands
found around 1290 cm™ are due to the formation of C=0-
stretching vibration of the carboxylate group (CO?"). The
band formed around 950/cm is assigned to the formation
of a no stretching vibration due to the existence of nitrate
group [61-63]. The absorption bands formed at 580/cm and
670/cm are assigned to the existence of vibration of the tet-
rahedral and octahedral metal-oxygen (M—O) bonds in the

(a)

N w H )]
o o o o

PL intensity (a.u)

_
o

500 520 540 560 580 600 620 640
Wavelenght (nm)

lattices of the synthesized ZnFe,O, nanomagnetic samples.
The fairly strong absorption band found at 2450/cm is due
to the formation of O=C=O-stretching vibration of carbonyl
group which confirms the presence of carbon and oxygen in
the ferrite compound.

3.3 Magnetic properties of zinc ferrite
nanoparticles

The magnetic properties were examined using vibrating
sample magnetometer (VSM). The magnetic elements
such as saturation magnetization (Mg), remanence mag-
netization (M,), coercivity (HC), and remanence ratio
were obtained from hysteresis curve shown in Fig. 5. The
applied magnetic field (H,) is plotted against magnetiza-
tion. From the curve, the value of the saturation magneti-
zation is estimated to be 58.73 emu/g. The large saturation
magnetization might be due to the crystalline nature of the
nanoparticle and formation of minimum surface structure

Applied field (Oe)

Ms {emulg)

Fig.5 Hysteresis loop of zinc ferrite nanofluid particle
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Fig.4 a Photoluminescence (PL) and b FTIR spectroscopy of zinc ferrite magnetic nanoparticles
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defect. The value of the remanent magnetization, coerciv-
ity, and remanence ratio are 5.05 emu/g, 29.54 Oe, and
0.3104, respectively. The remanence ratio is dependent
on the saturation and remanence magnetization. The low
coercivity indicates the formation of soft ferromagnetic
and can be easily demagnetized. The high saturation mag-
netization is possibly due to small defects within the crys-
tal lattice and low magnetic anisotropy which does not
inhibit the magnetic moment alignment in the magnetic
field. The magnetic hysteresis loop of zinc ferrite nano-
magnetic particles revealed a superparamagnetic behavior.
The low remanence magnetization of about 5.05 emu/g
shows that the sample can simply retain low proper mag-
netism and is said to be soft magnetic. The magnetization
M of superparamagnetic particles can be shown as [56, 57]

M=/L(a)f(D)d(D) (10)
0

where L(a)is the Langevin function = L(a) = Mf (cot h(a) — %)
; a

1)

L /6)xD? |

BuM =M @anda =M
=M *=MTRe T

f(D) is log-normal size distribution, H is applied mag-
netic field, k is the Boltzmann constant, 7 is temperature,
Mﬁ is fluid magnetization, @ is solid volume fraction, and
M, is domain magnetization. The particle diameter (D,)) is
7.03 nm, domain magnetization (M) is 159 G, and a solid
volume fraction of 0.0057 was obtained.

The magnetic curve revealed a superparamagnetic effect
alongside low coercivity (Hc). The superparamagnetic is
attributed to small crystallite size of the nanomagnetic par-
ticle. This effect makes zinc ferrite nanomagnetic particles
to be thermally activated to overcome magnetic anisotropy
[64]. The required minimum volume of particles needed
to acquire superparamagnetic behavior is calculated from
the equation [64]

T
Vp =25ky 2, (12)

where kg is Boltzmann constant, k is anisotropy constant,
and T is temperature. Thus, the size of the synthesized cobalt
spinel ferrite nanomagnetic particle is less than 10 nm which
is below the critical size limit that shows superparamagnetic
nature. The magneton number of the sample was calculated
using equation [64]

M, XM,

BT Ta5g5 3)

where M, is the molecular weight and M is the saturation
magnetization. The magnetic behavior of the sample was
examined using Neel's model. By Neel's model two-sub-
lattice model, the magnetic moment ny is expressed as [64]

ny = My — My, (14)

where My and M, are the magnetic moments of B-site and
A-site. Neel’s magnetic moment was examined using the
cation distribution obtained from X-ray diffraction analysis.
We observed differences in calculated values of magnetic
moment and observed magnetic moment. This suggests the
possibility of canted spin. The existing canted spin and mag-
netic moment behavior were obtained using the Yafet—Kittel
angle (aY ) K) The Yafet—Kittel angle (aY ] K) was examined
using the equation below [65, 66]

_ g — My
ay g =cos ————.

15)
B

The calculated Y-K angle is 38.72 (degree). Since the
Y-K angle is not zero, it suggests that the canted spin model
of magnetization is fit on the B-site and this results to the
decrease in A-B interaction and enhanced B—B interaction
[56]. Particle—particle interaction is examined using a cou-
pling constant (4). The coupling constant is the ratio of the
magnetic dipole interaction energy between two coated par-
ticles in contact with their thermal energy. It gives informa-
tion about the strength of particles interaction and estimates
the typical force exerted when the nanoparticles are interact-

2
ing. The coupling constant is estimated using 4 = d;; - [57],
h™B

where m is the mass of the particle, kg is Boltzmann con-
stant, k is anisotropy constant, and T is temperature. A cou-
pling constant of 2.06 is formed, since the value of the cou-
pling constant is greater than one, and strong inter-particle
interactions are formed. The chain-like structure is strong
enough to overpower the thermal reaction; this occurred
only when coupling constant is greater than one [56].

3.4 Rheological properties
3.4.1 Complex magneto-viscous effect

Strain amplitude sweep test was carried out for zinc ferrite
nanomagnetic fluid in the absence and presence of magnetic
fields. The complex magnetoviscosity is examined at strain
amplitudes 1%, 10%, 33%, and 100%, respectively. Maxi-
mum complex viscosity is formed when strain rate 1% is
applied in the presence of magnetic field, this implies that
at strain rate 1%, the fluid becomes hardened, and fluid flow
is restricted from free flow. In the absence of magnetic field,
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the nanofluid shows minimum complex viscous effect; this
occurred, because field-induced structure does not form. The
particle suspensions exhibit a relatively low viscous effect
in the absence of magnetic field due to absence of particle
magnetization. In the presence of magnetic field, the par-
ticles are magnetized and interact with one another along
the direction of the magnetic field. It is seen from Fig. 6
that complex viscosity is decreased with increasing strain
rate. At low strain application and presence of magnetic
field, enhanced magnetically field-induced structures were
formed, the magnetically induced structure is more enhanced
as the applied magnetic field is increased, and this results
in the formation of increasing complex viscosity. But upon
increasing the strain rate, the complex viscosity is decreased
and the resistance to fluid flow is reduced, and this results in
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the frustration of hardening effect of the fluid. This occurred,
because the field-induced chains break down and the field-
induced structure is destroyed. Result shows that at low
strain application, the fluid particles are orderly arranged
when magnetic field is applied, but when the strain rate is
increased, particles are randomly dispersed in fluid, and their
orientations are formed along the direction of shear, this
leads to decrease in complex viscosity. This implies that the
field-induced structure is sustained at low strain application,
whereas at high strain amplitude, the particle orientation
is frustrated and the magnetic structures are destroyed [52,
66-68].

Result shows that complex viscosity is increased with
increasing magnetic field due to enhanced dipolar interac-
tion and the formation of enhanced magnetically induced
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Fig.6 Complex viscosity against strain amplitude of ZnFe,O, nanofluid at strain: a 1%, b 10%, ¢ 33%, and d 100%
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chain structures. Formation of long chains in the direction
of the magnetic field is revealed at low strain application,
and the long chain limits the fluid flow due to high complex
viscosity. However, at high strain application, the long chain
breaks and the complex viscosity is decreased. Alternatively,
literature has revealed that the viscous effect of fluid can be
minimized by mixing the fluid particles with particles of
carbon nanotube. Recent report by Leona et al. [69], showed
that if fluid particle is mixed with particle of carbon nano-
tube, the viscous effect will be minimized; this is formed,
because the induced structure of the fluid particle breaks
down; and the dipolar interaction of the magnetic nanopar-
ticles is frustrated.

Varying fluid flows were formed at strain 1%, 10%, 33%,
and 100%, and this illustrates the formation of fluid flow-
dependency of zinc ferrite magnetic fluid on the strain rate.
From indication, at 1% strain application and in the pres-
ence of magnetic field 1.076 T, solid-like and elastic fluid
is formed and the fluid flow is not free; this occurred due
to formation of large elastic structure, high complex vis-
cosity, and high resistance to fluid flow. High resistance to
fluid flow is formed, because the low strain application is
not susceptible of resisting the magnetostatic force; hence-
forth, the strain cannot impair the particle aggregates. The
particles are henceforth strongly bound to the aggregates
due to prevailing magnetostatic force. Result show that the
magnetostatic interaction of the dipoles in the magnetic
realm is prevalent over the strain effect, and this leads to
formation of substantial aggregate. The resistance to fluid
flow slightly decreases when the applied magnetic field is
reduced to 0.475 T, and a semi-elastic fluid is formed. We
cannot absolutely say that the decrease in resistance to fluid
flow is due to low strain application alone, but as a result of
combine effect of diminished magnetostatic force. The weak
magnetostatic force gives low strain application the chances
to slightly deform the magnetic structure, whereas strong
magnetostatic force does not give low strain the chance of
destroying the magnetic structure. The fluid flow furtherly
diminishes when magnetic field is absent; this occurred,
because the magnetostatic force has been withdrawn.

In the presence of magnetic field 1.076 T and strain10%
and 33%, the resistance to fluid flow is low compared with
resistance to fluid flow formed under 1% strain; despite the
same magnetic force is applied, this occurred due to rise
in the magnitude of the deformation formed by strain 10%
and 33%. Resistance to fluid flow is decreased, because the
intermediate strain applications are susceptible of partially
destroying the magnetic fluid structure; this shows that the
intermediate strain 10% and 33% are partially resistible over
the magnetostatic force. Result shows that the magnetostatic
interaction of the dipoles in the magnetic domain is not
capable of fully resisting 33% strain, the magnetic struc-
ture is henceforth partially destroy and the fluid becomes

softened, and this results to decrease in complex magne-
toviscosity. From indication, the intermediate strain appli-
cations partially deformed the magnetic aggregates, this
segregates certain fraction of the particles from their respec-
tive aggregates, and the segregated particles are henceforth
become individual. This illustration explains one of the
factors responsible for decrease in complex viscosity and
formation of weaken resistance to fluid flow as the strain
rate is increased. Slight decrease in resistance to fluid flow
is formed when the applied magnetic field is decreased to
0.475 T. This is formed due to weaken magnetostatic force
which diminishes the dipolar interaction of the magnetic
dipoles in the magnetic domain. In the absence of magnetic
field, the magnetostatic interaction of the dipoles is com-
pletely destroyed, and this disrupts the chains connecting
the particles. The absence of magnetostatic force allows the
strain to fully deform the magnetic structure; henceforth, the
complex viscosity is hugely diminished and the resistance to
fluid flow is largely frustrated.

At 100% strain application and in the presence of mag-
netic field 1.076 T, the magnetic structure is extensively
deformed, and this is formed due to high strain application
which extensively destroys the magnetic aggregates. The
destruction of the magnetic aggregate leads to formation
of extremely low complex magnetoviscosity and extremely
weakened resistance to fluid flow; this is formed due to high
strain application which is extensively susceptible of frus-
trating the magnetic dipoles interaction. The destruction
of the magnetic structure by high strain largely weakened
the magnetostatic force. Result shows that the magneto-
static interaction of the magnetic dipoles cannot resist high
strain effect, and this leads to huge deformation of the mag-
netic aggregates. The resistance to fluid flow is decreased
when the applied magnetic field is decreased to 0.475 T;
this occurred due to decrease in magnetostatic force effect.
The magnetic aggregate is largely deformed due to com-
bine effect of weaken magnetostatic forces and high strain
application. The low interaction of the magnetic dipoles
cannot adequately resist large deformation caused by high
strain. The low magnetostatic force allows the high strain to
wholly deform the microstructure of the fluid aggregates.
Very huge decrease in complex magnetoviscosity is recorded
in the absence of magnetic field; this occurred, because the
magnetostatic force is either extremely weakened or com-
pletely removed.

The complex viscosity is increased with increasing
strength of the magnetic field as a result of dipole-dipole
interaction and formation of field-induced chain-like struc-
tures in the direction of the magnetic field. Dipole moment
of a magnetic nanoparticle is given by u = V yH [4], where
v is the volume of the nanoparticle and is related by V = an‘
[4], x is the magnetic susceptibility of the particle, and H
is the applied magnetic field. There is formation of long
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chains by high magnetic field application [70], the long
chain restricts the fluid flow, and this results in the forma-
tion of increasing complex viscosity. Brownian dispersion
provides opposition to the formation of particle aggregates,
and the Brownian dispersion against field-induced aggrega-
tion can be illustrated using coupling constant [4]

7(uo xH)*d?

A= ,
6k T

where 1, is the permeability of free space and H is applied
magnetic field, respectively, T is the absolute temperature,
and Kp is Boltzmann constant. If A>> 1, the particle aggre-
gation is strongly promoted [71], but if A < 1, dispersion is
promoted; this is a useful parameter that can be used dur-
ing the design of ferrofluid [72]. If there is formation of
micrometer-sized magnetic particles in the ferrofluid, the
aggregation parameter can be calculated for a nanometer-
sized magnetite sphere using the below equation, but our
particle is in nanometer-sized [73]

o MHzrd®
T 18kgT

where p M, is the saturation magnetization of the particles.
The coupling parameter 4 is important factor that reveals the
equilibrium suspension of the chain structures of the mag-
netic nanoparticles. The magnitude of A for micron-sized
particles is higher (~ 95.4) [73] as compared to nanometer-
sized particles (~ 1.3); this shows that the dipolar interaction
from different particle size particles is a crucial yardstick in
the formation of cluster.

3.4.2 Storage and loss modulus

Strain amplitude sweep test in oscillatory mode is used to
examine the viscoelastic behavior of zinc ferrite ferrofluid.
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Fig.7 Storage modulus (G') and loss modulus (G") against strain
amplitude of ZnFe,O, nanofluid at strain rate 1% in the absence of
magnetic field (0.000 T) and presence of magnetic field 0.475 T and
1.076 T
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The influence of strain application on storage modulus and
loss modulus in the presence and absence of magnetic field
is accurately examined, and the results are illustrated, as
shown in Figs. 7, 8, 9, and 10. The strain amplitude test was
performed under strain amplitude 1%, 10%, 33%, and 100%,
respectively. At low strain amplitude, the storage or elastic
modulus (G') is far greater than the loss or viscous modulus
(G") of the ferrofluid. The storage modulus is an important
parameter which determines the energy storage capacity
and elastic structure of the viscoelastic system, whereas the
loss modulus determines the rate at which energy is loss
or dissipated and the viscous nature of the system. Non-
linear viscoelastic is formed within low strain rate region;
at this region, a non-Newtonian behavior is established and
the elastic modulus is far greater than the loss modulus; this
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Fig.8 Storage modulus (G') and loss modulus (G") against strain
amplitude of ZnFe,O, nanofluid at strain rate 10% in the absence of
magnetic field (0.000 T) and presence of magnetic field 0.475 T and
1.076 T
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Fig.9 Storage modulus (G') and loss modulus (G"”) against strain
amplitude of ZnFe,0, nanofluid at strain rate 33% in the absence of
magnetic field (0.000 T) and presence of magnetic field 0.475 T and
1.076 T
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Fig. 10 Storage modulus (G’') and loss modulus (G") against strain
amplitude of ZnFe,0, nanofluid at strain amplitude 100% in the a
absence of magnetic field (0.000 T) and presence of magnetic field b
0475 T and ¢ 1.076 T

shows that the viscoelastic system is being dominated by
elastic structure; this occurred, because magnetostatic forces
is dominant over hydrodynamic forces. The result revealed
the formation of a super elastic structure due to extremely
high storage modulus of maximum value of order 10> and
low-loss modulus of maximum value of order 10%. The result
indicates the existence of stronger elastic links between the
magnetic nanoparticles that create microscopic structure of
the suspensions at low strain application [74]. The increase
in strain slightly diminished the field-induced elastic struc-
ture, and the solid-like structure is henceforth sustained over
a wide range of strain application. The absence of crossover
between G'and G" indicates that no transition from solid to
liquid-like behavior was formed. The result revealed the for-
mation of improved energy storage capacity when strain rate
1% is applied, and the energy storage capacity is decreased
with increasing strain rate.

Various viscoelastic responses were formed at strain
amplitudes 1%, 10%, 33%, and 100%, and this illustrates
the dependent of microstructural deformation of zinc ferrite
magnetic structure on the strain percentage. From indica-
tions, at strain 1% and in the presence of 1.076 T, struc-
tural deformation is low, and this supports the formation of
enhanced elastic structure with maximum value of the order
10°. Enhanced viscoelastic system is formed, because the
low strain application is not susceptible of destroying the
chains connecting the particles; henceforth, the particles are
strongly attached to the aggregate due to prevalent magneto-
static force. The magnetostatic interaction of the dipoles in
the magnetic realm is resistant over the strain effect due to
formation of large elastic structure. The formation of high
elastic structure is suitable for designing a system that can
accommodate huge energy storage capacity. Large energy
can be stored due to formation of low-loss modulus which
prevents the system from dissipating much energy. The vis-
coelastic response and energy storage capacity are slightly

decreased when the applied magnetic field is lowered to
0.475 T. The viscoelastic quantity is decreased to maxi-
mum value of 9 x 10* which is still very closer to viscoelas-
tic response of the order 10° obtained at 1.076 T. We cannot
actually say that the decrease in viscoelastic response is due
to strain effect alone, but also due to effect of weak mag-
netostatic force. At 0.475 T, the magnetostatic force effect
is weakened, and the weak magnetostatic force gives low
strain effect the chances to deform the magnetic structure.
This occurred, because the low magnetostatic force is not
fully capable of resisting the strain effect; henceforth, the
formation of diminished elastic structure and reduced energy
storage capacity is revealed. Large decrease in the viscoe-
lastic response is formed in the absence of magnetic field;
this occurred, because the magnetostatic force is extremely
weaken or completely withdrawn. The order of the loss
modulus is 10, this value is lower as compared with order
10° for storage modulus, and this illustrates the formation
of dominant magnetostatic force over hydrodynamic force.

At intermediate strain 10% and 33% applications and
in the presence of magnetic field 1.076 T, the deforma-
tion provided by the strain applications is higher compared
with deformation provided by strain 1% despite the same
magnetic influence. Decrease in viscoelastic response is
formed, because increasing strain to 10% and 33% partially
destroys the fluid structure, the structures are deformed only
in small magnitude, and this demonstrates strain 10% and
33% as been partially resistant over the magnetostatic force.
This occurred, because the magnetostatic interaction of the
dipoles in the magnetic domain is not utmostly resistant over
the strain effect. The energy storage capacity also decreases
in small magnitude due to partial destruction of the elas-
tic structure. The viscoelastic response decreases slightly
when the applied magnetic field is lowered to 0.475 T. When
magnetic field is reduced, the magnetic dipole interaction
is weakened, and this gives the strain effect the ability to
be resistant over the magnetostatic force. This effect leads
to the disruption of chains that connect the particles. Large
deformation of the elastic structure is formed in the absence
of magnetic field, and this occurred due to drastic weakening
of the magnetostatic force.

At 100% strain application and in the presence of
magnetic field 1.076 T, the magnetic structure is largely
deformed; this occurred due to high strain application that
is susceptible of weakening the magnetostatic force. The
deformation formed under the strain 100% is higher com-
pared with deformation formed under strain 10% despite the
application of same magnetic field. The magnetic structure is
extremely destroyed at very high strain, and this segregates
the particles from the aggregate due to weakened magneto-
static force. This occurred, because the magnetostatic inter-
action of the magnetic dipoles is not resistant over the strain
effect; henceforth, larger fraction of the magnetic structure is
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deformed. The structure is deformed, because the weak mag-
netostatic force is not resistant over the high strain effect;
henceforth, the elastic structure is destroyed. The viscoelas-
tic response is decreased when the applied magnetic field
is decreased to 0.475 T. Large decrease in the viscoelas-
tic value is recorded in the absence of magnetic field; this
occurred, because the magnetostatic force is extremely weak
or even completely removed.

Our result agrees with experimental findings reported by
Mahesh et al. [75] who reported zero-phase transition across
all strains. The loss modulus is actually not influenced by
varying the strain amplitude; this is due to the formation of
linear viscoelastic behavior [76, 77]. The value of the stor-
age modulus ranges between 2500 pa and 100,000 pa which
is about 33 times more than the values obtained in previ-
ous work reported by Yu Tong et al. and other researchers
[56, 57, 79], and this supports the formation of super elastic
behavior and enhanced energy storage capacity. At 1% strain
application, the viscoelastic performance is largely improved
with dominant elastic nature when magnetic field is applied;
whereas, when magnetic field is withdrawn, diminished vis-
coelastic performance is formed. This effect is reversed when
100% strain is applied. Solid-like behavior is dominated both
in the absence and presence of magnetic field at all strain
applications, but Leona and John Philip reported pure liquid-
like ferrofluid when magnetic field was not applied [7, 69].
Enhanced viscoelastic that exhibits elastic structure of the
order 10° and about five times greater than value reported
by Balaji et al., and extremely greater than value reported by
Chattopadhyay is established [78]. Balaji et al. also reported
increase in storage and loss modulus with increasing angu-
lar frequency. Yongbo et al. obtained experimental results
which is accurately in agreement with our findings report,
because the research team reported storage modulus which
is far greater than loss modulus as we also did. Yongbo et al.
also reported the formation of elastic dominant structure and
solid-like nanofluid alongside the formation of phase tran-
sition at high strain amplitude [75]. Dependency of elastic
modulus on strain rate was established by Mitsumata and
Okazaki and the elastic modulus is decreased with increas-
ing strain [6] which accurately accords with our work.

3.4.3 Torque of zinc ferrofluid

Figure 11a—c shows the transmitting torque of zinc ferrite
ferrofluid at strain application 1%, 10%, and 33%, respec-
tively. The effect of strain rates on the transmitting torque
is examined both in the absence and presence of magnetic
fields. We see from the result that the transmitting torque
is increased with increasing strain rate. Low transmitting
torque is formed under the application of magnetic field and
strain rate 1%, and this leads to the formation of low rotation
of the fluid particles. The low transmitting torque slowly
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rotates the magnetic field in a manner that cannot destroy the
field-induced structure, and this supports the formation of
enhanced magneto-viscous effect. At magnetic field 1.076 T
and strain rate 1%, low torque is formed, and the torque is
decreased when the magnetic field is reduced to 0.475 T. In
the absence of magnetic field, drastic decrease in torque is
revealed. Low torque is formed by low strain application, it
means that the magnetic field is slowly rotated, and the slow
rotation cannot destroy the rotating magnetic field. Since
the magnetic field is not destroyed, it shows that the mag-
netostatic force cannot be destroyed by the rotating effect
of the magnetic field; this supports the formation of high
magnetoviscosity under the application of 1% strain. When
the strain is increased to 10%, the torque is increased, and
higher torque is formed under the application of 1.076 T,
but when magnetic field is decreased to 0.475 T, the torque
is reduced. The rotation of the magnetic field is increased
at 10% strain and is higher compared with rotation formed
under 1% strain. The rotating magnetic field cannot utmostly
resist the rotating force provide by 10% strain application;
henceforth, the magnetic field is partially destroyed by the
rotating effect. When the magnetic field is withdrawn, the
torque is decreased further. Increasing strain to 10% par-
tially increases the torque and the rotation of the rotating
magnetic field, and this partially destroys the magnetic field.
This destruction weakened the magnetostatic force which
results to the partial destruction of the magnetic aggregate.
This accounts for one of the reasons reduced magnetovis-
cosity is formed under 10% strain as compared with magne-
toviscosity formed under 1% strain application. When 33%
strain is applied, maximum dynamic rotation is formed due
to high transmitting torque, and this leads to the formation
of high rotation of magnetic field. Due to highly rotating
magnetic field, the field-induced structure and the particle
aggregates are extremely destroyed, and this leads to the
formation of low magneto-viscous effect. Zinc ferrite formed
enhanced viscoelastic effect due to formation of low trans-
mitting torque, whereas the viscoelastic effect is diminished
when high strain application is used due to highly rotating
magnetic field. This experimental evidence is attributed to
magnetization of the induced magnetic structure of the sus-
pended nanoparticles. The presence of magnetic field caused
the attraction of the magnetic nanoparticle due to magnetiza-
tion by the magnetic flux and formed anisometric aggregates
which could be either destroyed or preserve in the presence
of respective strain rate.

Due to nanometer size of the particles, the particle inter-
action is affected by Brownian motion, and certain amount
of energy is henceforth needed to overcome the Brownian
motion of the magnetic nanoparticles to form a chain-like
structure and particle aggregate. The Brownian motion is
overcome by low strain application and low transmitting
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Fig. 11 Torque of ZnFe,0O, magnetic nanofluid at strain rate 1%, 10%, and 33%

torque which support the formation of aggregate, and the
formation of aggregate is assisted by slowly rotating mag-
netic field. The field-induced structure is enhanced due to
formation of low torque [75]. For sufficiently large values
of transmitting torque, high strain application is required,
whereas for sufficiently low transmitting torque, low strain
application is required. Magnetostatic particle interactions
are dominated over thermal motion which result in the
formation of enhanced chain-like particle aggregates at
low strain and low transmitting torque. However, at high
strain and high transmitting torque, the thermal motion
is dominated over magnetostatic particle interactions,
and this results in the formation of frustrated chain-like
particle aggregates. Brownian motion is also dominated
and field-induced aggregates are damaged, but Brownian
motion is not dominated at low strain application.

3.4.4 Relaxation modulus

The dependency of relaxation modulus of zinc ferrite fer-
rofluid on time interval is illustrated in Fig. 12. Result shows
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Fig. 12 Relaxation modulus against strain rate of ZnFe,O, nanofluid
at strain rate 1%, 10%, 33%, and 100%
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that rheological system can be progressively preserved if the
imposed shear stress relaxes at a particular time interval. If
imposed shear stress is not controlled and critical stress is
reached, the viscoelastic properties will be totally deformed
and the system will be dominated by plastic features due to
deformation of elastic properties. The viscoelastic system
can be prevented from deformation by applying appropriate
relaxation modulus, and this relaxes the imposed stress and
returns the system to equilibrium state where a steady-state
flow is formed. Study shows that the imposed shear stress
needs to be relaxed to return the rheological system to its
equilibrium state after when it has sheared. Several stud-
ies revealed that if the rheological system is not allowed
or forced to be relaxed, the system will be perturbed and
rheological properties of the system will be destroyed [80].
Result shows that relaxation modulus is decreased rapidly
with increasing time between time interval up to 30 s when
a steady state begins to form. A non-steady-state flow is
formed at the time interval before 30 s. At relaxation time
beyond 30 s, stress relaxation remains constant; this indi-
cates the formation of a steady-state flow. The formation
of large relaxation modulus is established when high strain
rate 100% is involved. The application of suitable relaxation
modulus prevents the rheological system from any kind of
deformation. Relaxation modulus of zinc ferrite ferrofluid
is reported for the first time to the best of our knowledge,
and the condition required for the formation of steady-state
flow is established. Result shows that the relaxation modulus
decreases with increasing strain rate. The rheological sys-
tem is sustained via the application of appropriate relaxa-
tion modulus that can sufficiently frustrate the imposed
stress; this allows the formation of a steady-state flow. This
steady-state flow was obtained at a time interval beyond 30 s
where a linear relaxation is attained and showed a New-
tonian behavior. Through linear relaxation, the imposed
stress could not allow any structural reformation or rear-
rangement. The existing linear relaxation is attributed to the
formation of linear chains structure and densely packed bulk
aggregates [81]. The highest value of relaxation modulus
is revealed by 1% strain application, whereas 100% strain
revealed the lowest relaxation modulus.

3.4.5 Shear stress against strain amplitude of zinc ferrite
nanofluid

Figure 13a—d depicts the graphs of shear stress against
strain 1%, 10%, 33%, and 100% in the absence and presence
of magnetic fields. At low strain rate, low shear stress is
formed; this results in the formation of high magnetoviscos-
ity; this occurred, because low shear stress cannot break the
field-induced structures; the chain joining the particles and
the particle aggregates are henceforth preserved. This effect
leads to the formation of high resistance to fluid flow and
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high complex magnetoviscosity. Result shows that the shear
stress is increased with increasing strain rate as indicated in
Fig. 13. When high strain rate is applied, high shear stress
is formed, the high stress breaks the field-induced structure
and destroyed the particle aggregates, and this results in the
formation of decreasing complex magnetoviscosity which
stops the restriction to fluid flow.

From indication, at 1% strain application and in the
presence of magnetic field 1.076 T, low shear stress is
formed. Result show that the low shear stress is not resist-
ible over the effect of the magnetostatic force, this makes
the low stress not to be susceptible of breaking the mag-
netic structures; this observation accounts for one of the
reasons; high magnetoviscosity is formed under 1% strain
application as discussed in the previous sections. It is gen-
erally noted that large aggregate with strongly bounded
with particles is required for the formation of high mag-
netoviscosity. The magnetoviscosity will be reduced if the
particles are segregated from the aggregate. The particles
can be segregated from the aggregate only with the effect
of larger shear stress. Since 1% strain forms smaller shear
stress, henceforth, the low stress cannot resist the magnetic
forces binding the particles to the aggregate. Since the par-
ticles cannot be segregated by small stress under the appli-
cation of 1% strain, the magnetic structure is henceforth
sustained and enhanced magnetoviscosity is formed. The
shear stress slightly decreases when the applied magnetic
field is reduced to 0.475 T. Further decrease in shear stress
is formed when magnetic field is withdrawn. At strain rate
10%, increasing shear stress is formed. The shear stress
increases from maximum stress 600 pa formed under 1%
strain to maximum stress 6000 pa formed under 10% strain
at high strain rate regions. The formation of increasing
stress from 1 to 10% strain leads to destruction of only
certain fraction of the magnetic structure; this show that at
10% strain, the magnetostatic force is not utmostly capable
of being resistant over the shear force. Result shows that
the shear force is just partially resistible to the magneto-
static force, it henceforth partially weakens the magnetic
forces binding the particle to the aggregates, and the par-
ticles are thus segregated only in small magnitude. The
destruction of the aggregate leads to formation of decreas-
ing magnetoviscosity. The shear stress is increased under
the application of 1.076 T at 10% strain, and the shear
force is decreased when the magnetic field is decreased
to 0.475 T and when it is withdrawn. Result shows that at
33% strain, higher shear stress is formed; the formation of
the larger shear force utmostly breaks down the magnetic
structure; this occurred, because the magnetostatic force is
not capable of resisting the effect of the shear force. Result
shows that the shear force is largely resistant over the mag-
netostatic force at 33% strain; this frustrates and weakens
the magnetic force binding the particle to the aggregates;
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Fig. 13 Shear stress of ZnFe,O, ferrofluid under the influence of different

henceforth, the particles are segregated from the aggre-
gates. The destruction of the aggregate leads to formation
of low magnetoviscosity. The shear stress is higher under
the application of 1.076 T at 33% strain, and the shear
force is decreased when the magnetic field is decreased
to 0.475 T and when it is absent. Elastic limit is exceeded
under the application of 33% strain; this occurred, because
the shear stress reached a critical point; at this point, the
field-induced structure completely breaks at high strain
region; this diminished the resistance to fluid flow. At low
strain rate region, the nanofluid revealed rapid increase
in the shear stress, and this behavior could be well repre-
sented by Bingham law [56]

T =15+ 1pY, (16)
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magnetic fields and at the strain amplitudes 1%, 10%, 33%, and 100%

where 7 is shear stress, Ty is yield stress, np is field-depend-
ent viscosity, and v’ is the shear rate.

In the absence of magnetic field (0.000 T), low shear
stress is formed, but high shear stress is formed when mag-
netic field is applied. This result indicates the dependency of
shear stress on the magnetization and applied magnetic field.
Low yield stress is formed when strain rate 1% is applied;
this accounts for the formation of high magnetoviscosity
which is formed due to enhanced magnetization of the fluid
particles. The magnetization of the interacting particles is
decreased as the value of the strain rate is increased. This
effect is attributed to increase in the deformation of the parti-
cle shape and/or increasing volume or length of the particle.
If the strain is increased further, the particle is deformed at
the critical point; this leads to the destruction of the chain
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structure of the fluid particles. We see that the yield stress is
increased in a quadratic mode as the applied magnetic field
is increased, and the yield stress is represented as [4]

Ty= X HoHe(pny 17)

where y, is the permeability of the vacuum, g, is the relative
permeability of the carrier fluid, and f is the contrast factor
which is defined as [4]

Hy = He

f=—F—.
Hp + 2,

(18)

where y, is the relative permeability of the particle. The
contrast factor # of Fe;O,-based magneto rheological fluid
is around 2.7 [82]. The magnitude of the contrast factor # of
other magneto rheological fluid varies from 2 to 3, depend-
ing on the respective nano-materials [82]. The respective
yield stress is field independent in the presence higher mag-
netic fields strength within the magnetic saturation limit [4]

Ty X Hopes (19)

where M, is the saturation magnetization and g, is the per-
meability of the vacuum.

4 Conclusion

Soft spherical magnetic particles which form Fe-phase in
trivalent state and exhibit FCC framework are synthesized.
We examined the complex magneto-viscous and magneto-
viscoelastic effect of the nano-sized zinc ferrite ferrofluid
synthesized using co-precipitation technique. The rheologi-
cal properties of the fluid were investigated at strain ampli-
tude 1%, 10%, 33%, and 100% in the absence and presence
of magnetic field. In the presence of magnetic field at strain
1% and 10%, low deformation is formed, and this leads to
the formation of improved and better rheological systems.
At strain 33%, the rheological system of the fluid is par-
tially weakened; this occurred due to partial deformation of
the field-induced structure. Large deformation is formed at
strain 100%; this largely weakened the rheological function
of the system. At low strain, high complex magnetoviscos-
ity is formed; this is formed due to formation of enhanced
magnetic aggregate which is not susceptible of destroying
by low strain. At high strain, the complex magnetoviscosity
is diminished; this occurred due to destruction of the mag-
netic aggregate; the aggregate is destroyed, because the large
strain is highly susceptible of destroying the magnetic struc-
ture. At low strain rate, low shear stress is formed, the low
stress is not susceptible of destroying field-induced structure,
and this results in the formation of high magnetoviscosity,
but at high strain rate, high shear stress is formed, the high
stress is susceptible of destroying the field-induced structure,

@ Springer

and this effect supports the formation of low magnetovis-
cosity. Low torque is formed under the application of strain
rate 1%, and the low torque slowly rotates the magnetic field
in a manner that cannot destroy the field-induced structure.
However, at high strain, high torque is formed, and the high
torque highly rotates the magnetic field in a manner that
can destroy the field-induced structure. A steady-state flow
is formed when low relaxation modulus is applied. At low
strain amplitude, the storage modulus is greater than the
storage modulus formed at high strain rate; this implies the
formation of larger elastic structure at low strain applica-
tion. The sample was characterized by Transmission Elec-
tron Microscopy (TEM) and X-ray diffraction which con-
firmed the formation of spherically shaped nanoparticle and
single-phase cubic spinel. The particle is soft magnetic due
to its low coercivity. Since this reported research is lim-
ited to purely experimental findings, we therefore propose
in our future work the implementation of accurately estab-
lished size-dependent elasticity mathematical models such
as nonlocal strain gradient model and nonlocal strain-driven
gradient model. The model will be used to analyze the phys-
ico-mechanical properties, such as elasticity, hardness, and
softness of the conceived zinc ferrite structure.
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