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Abstract

Iron magnetic nanoparticles have been produced by the technique of the electric
explosion of a wire (EEW). The major crystalline phase (95 + 1%) was a-Fe with lattice
parameter a = 0.2863(3) nm. The size of coherent diffraction domains of this phase was 77 +
3 nm. The EEW MNPs presented a large saturation magnetization value, reaching about 87
% of the saturation magnetization of the bulk iron. EEW NMPs demonstrated an improved
magnetic performance when used in Magnetorheological (MR) Fluids with respect the
commercial carbonyl iron particles (CIP) micron sized particles studied for comparison. The
MR fluids composed with the EEW nanoparticles show larger yield stress values than those
with CIP micron sized particles, so proving that the EEW MNPs have a high potential for
MR fluids applications.
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Introduction

Magnetic nanoparticles (MNPs) were intensively studied in recent years in a view of
their versatile properties requested by very different applications including electronic,
microwave and magnetorheological devices [1-3]. One of the most important factors
limiting MNPs utilization in technological and biomedical applications is the small size of
the batch. Electric explosion of a wire (EEW) is an electrophysical technique based on the
overheating up to evaporation of a metallic wire by an electric high power pulse in a
controlled inert atmosphere [4-5]. It yields spherical MNPs at production rates up to 200 g/h
providing up to a kilogram in a single batch [6-7].

Although some of the EEW MNPs were successfully tested in small quantity for
fabricating iron oxide-based or iron ferrofluids (FF) and MNPs/polymer composites [3, 7,
8], one can expect a larger potential in the field of smart materials were a large amount of
MNPs is requested, i.e. for fluids, elastomers and foams whose mechanical properties can be
controlled by the external magnetic field [8]. Magnetorheological (MR) fluids consist of
stable suspensions of magnetic particles in a carrying fluid. Their reversible rheological
behaviour can be modified by application of an external magnetic field. As a result, the
behaviour of MR fluids (also called “intelligent” fluids) can be adapted to variable working
conditions [9]. MR devices have the potential to create a new generation of valves, active
shock/vibration dampers, hydraulic systems, actuators, and other parts of mechanical
systems. At present, there is a extended technological request in developing a new and
improved MR fluids in large quantities, having lower production cost and smaller ecological
impact onto environment [3,9].

The first classification of the magnetic fluids proposed the concept of the particle
size. According to Charles [10] the magnetic fluids can be classified in two main groups: FF
and MR fluids. Whereas ferrofluids are composed by nanometric magnetic particles, MR
fluids are dispersions of micron-sized particles. Further development of fabrication
techniques showed that all properties of magnetic fluids depend critically on the fabrication
technique, particles parameters, including fine features of the particle size distribution.
Furthermore, the development of the advanced electrophysical techniques (such as laser
target evaporation, arc plasma and EEW techniques) lead to the attempts to obtain MR
fluids with very small iron MNPs of the order of 20 nm [11] or quite large iron particles of
the order of 1000 nm, i.e. in a boarder size range than in the above mentioned classification
[12].



The rheological behaviour of MR fluids, when subjected to an external magnetic
field, is determined by a yield stress. The attractive interaction between the magnetic dipoles
induced in the particles gives rise to chain-like structures directed along the field. This very
fast transition from a liquid to almost solid state takes place in a fraction of millisecond
time. A finite stress is needed for chain-like structures to form. The magnitude of this yield
stress can be continuously controlled by the magnetic field intensity, and can reach a large
magnitude due to the high magnetic saturation [9, 12]. In contrast, the rheological behaviour
of ferrofluids is nearly Newtonian, with vyield stress values drastically reduced in
comparison to MR fluids. Inferior yield stress values of FF are explained by the lower
magnetic saturation typical for nanoparticles [7, 13], caused by their oxidation during the
synthesis process and much higher surface-to volume ratio [14, 15].

The colloidal stability of magnetic fluids is the most critical parameter for the
consistent performance of any MR device [16]. FF present good stability, due to the size of
the MINPs, as the Brownian effect is sufficient to prevent the particle’s sedimentation [10].
On the other hand, the MR fluids present the intrinsic problem of particle sedimentation
[13]. The successful strategy for the reduction of the particles aggregation and sedimentation
is to use an stabilizing agent. In this context, although several works have been carried out in
recent years analysing different compositions for enhanced MR fluids stability, the stability
problem has not been fully solved yet [17-20].

With this respect the technique of electric explosion of a wire, which allowed
fabrication a large amount of iron MNPs, seems to be very promising [21]. There are
different possibilities of passivation of the surface of the fabricated nanoparticles with a
protection carbon layer or a thin layer of iron oxide that avoids further oxidation of the core
of the MNPs [22]. Consequently, spherical nanoparticles with high magnetic saturation can
be obtained in large quantities.

In this work, pure iron nanoparticles were obtained by electric explosion of wire in
order to evaluate their potential use in MR fluids. For sake of comparison two types of MR
fluids have been designed on the basis of two different kinds of magnetic particles. The
EEW iron MNPs and the commercially available micron sized carbonyl iron particles
(BASF, Germany). The thorough comparison of the rheological behaviour of the two
fabricated fluids, and the analysis of the data available in the literature indicated that the
EEW MNPs have a noteworthy potential for use in MR fluids.



2. Experimental
2.1. Fabrication and characterization of EEW MNPs

Iron nanoparticles were synthesized using EEW equipment designed at the Institute
of Electrophysics of RAS (Ekaterinburg, RF) [5, 22-26]. The EEW installation included an
explosion chamber, a gas trap for separation of large particles and a filter for the
accumulation of fine particles of the produced nanopowder. The installation was filled with
a mixture of nitrogen (30%) and argon (70%) at 0.12 MPa. Circulation of the working gas
with a flow of 150 I/min was provided by a gas turbine. In this system the purity of the
fabricated particles is limited exclusively by the purity of the metal wire. A steel wire of low
carbon content (0.07 wt. %) with 0.47 mm diameter was continuously fed into the explosion
chamber from a roll, and 30 kV voltage pulses were repeatedly applied to a 89 mm portion
of the wire. Pulse duration was 2 us. The electrical energy passed through the portion of
wire during each pulse provided 130 % excess energy with respect to the energy of
sublimation of the metallic iron (424 KJ/mol). It resulted in the vaporization of the wire and
the subsequent condensation of spherical metallic iron MNPs in the gas phase. The produced
nanopowder was collected in the filter and removed from it after passivation by oxygen with
a flow rate of 0.5 cm®s. The detailed description of EEW method can be found elsewhere
[5, 7, 22-26].

XRD analysis was performed using Bruker DISCOVER D8 diffractometer operating
with Cu-Ka radiation (4 = 1.5418 A). Quantitative analysis was done using TOPAS-3
software. The average size of coherent diffraction domains was estimated using the Scherrer
approach [27]. Electron microscopy characterization of the Fe MNPs was performed by
scanning electron microscopy (SEM) (JEOL JSM-6400 operated at 20 kV) and transmission
electron microscopy (TEM) (JEOL JEM2100 operated at 200 kV).

Specific surface area of the MNPs was measured by low-temperature nitrogen
adsorption (Brunauer-Emmett-Teller physical adsorption (BET)) using a Micromeritics
TriStar3000 analyser.

2.2. Synthesis of the Magnetic Fluids



Due to the high surface activity of the nanoparticles they strongly tend to form
aggregates in suspensions and this aggregation is one of the main problems in processing
air-dry nanopowders for re-dispersion in a liquid suspension. In this work two magnetic
fluids have been designed with two kinds of magnetic particles of iron: EEW MNPs and the
commercially available micron sized carbonyl iron particles (CIP) (HS grade, BASF,
Germany) [28]. The thorough comparison of the rheological behaviour of the two fabricated
fluids, and analysis of the available in the literature data indicated that the EEW MNPs have
a noteworthy potential for use in MR fluids. Mineral oil (pure grade, ACROS, Belgium) was
used as carrier fluid. Two suspensions were prepared using a 10% solid volume fraction
from the EEW and CIP particles. To prepare the suspensions, proper amounts of carrier
liquid, thickening agent Lubrizol ®3702 (0.95 wt%, Lubrizol, EEUU) and aluminium
stearate surfactant (0.3 wt%, technical grade, Fluka, EEUU) were mixed first by hand
stirring and then by ultrasonic treatment. Half of the proper amount of particles was added to
the suspension during mechanical stirring. After that, the suspension was homogenized in
the ultrasonic bath for 2 minutes. This process was repeated by the addition of the remaining
particles. The final suspension was treated for 24 hours in the mechanical stirrer to reach the

desired homogeneity.

2.3. Magnetic and magnetorheological characterization

Magnetic measurements of the air-dry particles were performed at room temperature
by a vibrating sample magnetometer (VSM) in magnetic fields up to 2 Tesla, which is high
enough for reaching the magnetic saturation of the samples. Few mg of the powders were
carefully weighted and fixed in the gelatine capsule.

Magnetorheological characterization has been carried out by an Anton Paar Physica
MCR 501 rotational rheometer equipped with the MRD70/1T magnetorheological cell and
the parallel disk configuration (PP20/MRD/TI/P2).

3. Results and discussion
3.1. Structural characterization

XRD analysis of EEW MNPs confirmed that the major crystalline phase (95 + 1%)
was a-Fe, cubic fcc (face cubic centered, S.G: Im-3m, see Figure 1) with lattice parameter a
= 0.2863(3) nm. The size of the coherent diffraction domains of this phase was 77 £ 3 nm.

Two minor phases were found: 2 = 1% of y-Fe, cubic bcc (body cubic centered S.G: Fm-



3m) with lattice parameter a = 0.3592(2) nm and 3 + 1% of magnetite (S.G: Fd-3m) with
lattice parameter a = 0.8360(6) nm. The size of the coherent diffraction domains for y-Fe
was 32 £ 9 nm, and 9 £ 2 for magnetite. Thus, it is reasonable to conclude that y-phase
might be associated with small MNPs in the ensemble of iron nanoparticles and the

magnetite phase corresponds to the passivation layer on the surface of MNPs.

Figure 1
SEM and TEM images given in Figure 2 show that Fe MNPs were spherical and
non-agglomerated. Particle size distribution (PSD) was obtained by image analysis of SEM
and TEM micrographs. PSD is given in the inset in Figure 2. PSD is fitted well by
lognormal distribution function with median 85 nm and logarithmic dispersion 0.378. The
median of PSD correlates well with the average size of coherent diffraction domains for a-
Fe phase.
Figure 2
Specific surface area of Fe MNPs was measured by low-temperature nitrogen
adsorption (Brunauer-Emmett-Teller physical adsorption (BET)) using Micromeritics
TriStar3000 analyser. It was 7.2 m?/g. The value of the specific surface area of the spherical
particles (Ssp) is geometrically related to the average particle diameter (Dger) according to
equation [29]:

DBET =

= ),
p

where p is the density of Fe (7.8 g/cm®). The calculated value of Dger was 106 nm, in fair
agreement with the median of PSD and the average size of coherent diffraction domains.
The most likely reason for the small deviation is the underestimation of the fraction of large
particles in the ensemble. It is noticeable from the inset in Figure 2 that lognormal PSD
gives lower values than actual histogram for the fraction of MNPs with a diameter around
100 nm. Although this fraction is small it contributes substantially to the value of the
specific surface area.

Figure 3 shows SEM images of commercial CIP particles for the sake of comparison.
One can clearly see that CIP particles tend to be spherical but they are approximately an
order of magnitude bigger and there is a certain quantity of agglomerates. The average mean

diameter of the CIP particles was 1.1 = 0.4 pm.



Figure 3

3.2. Magnetic characterization

Figure 4 shows the hysteresis loops of both types of the particles. They show a rapid
saturation with quite low hysteresis. The EEW MNPs have a saturation magnetization of
190 Am?%Kkg, i.e. 7% larger than the CIP microparticles. The value of the saturation
magnetization in the bulk state for pure iron is Ms= 217.6 Am?/kg at room temperature [30].
This means that EEW MNPs reach about 87 % of the saturation magnetization of the pure
iron in the bulk state. As it was mentioned above, the surface of iron MNPs was passivated
prior to exposure to the atmospheric oxygen. In our previous studies [31] we have shown
that the passivation oxide layer for low oxygen flow rates is usually about a very few nm.
This explains some reduction of the saturation magnetization by the presence of iron oxide
shell layer experimentally detected by XRD. Another way to understand the reduction of the
saturation magnetization is based on the concept of laws at nanoscale [32]. In the case of
pure iron MNPs at least three surface layers are not contributing to the ferromagnetism due
to the insufficient number of the nearest neighbours. This can easily explain at least 10 %
decay of the saturation magnetization. The main difficulty to make a more precise analysis
is caused by the existence of the MNP size distribution and small additions of extra phases
(see XRD discussion above).

Figure 4

Coming back to a comparison of magnetic properties of two types of the particles we
can suppose that higher saturation magnetization of the EEW is a clear indicator of the
higher quality of their compositional and crystalline structure parameters. As is well known
[33], intrinsic magnetic properties, as saturation magnetization, are realized on length scales
of a few interatomic distances and approach their bulk values on a length scale of about 1
nm. In very small nanoparticles, however, the surface atoms have less neighbors than the
inner ones and their magnetic properties are reduced. Experimentally the average
magnetization is therefore dependent on the particle size because of the external shell of less
interacting atoms and also because of the oxidation of the surface [34,31,32]. This rule,
however, doesn't apply in this case because of the different purity of the prepared samples.
Commercial samples have less purity and a thicker oxide shell than those prepared by EEW,

so the latter display a larger magnetization in spite of their smaller size.

3.2. Magnetorheological characterization



Rheology is the study of flow and deformation of material under applied force,
which is measured using a rheometer. In this work we measured rheological properties from
bulk sample deformation using a mechanical rheometer. Designed MR fluids showed a non-
Newtonian [35] behaviour under application of an external magnetic field. Therefore, the
conversion proposed by DIN 53018 [36] between the physical data of the rheometer
(rotation speed and torque) and rheological parameters (shear rate and shear stress) was not
applicable in the present case. For correct analysis of the data, the Rabinowitsch conversion
method has been applied [37]. The magnetic field ranged from 0 to 140 kA/m. After each
characterization, a demagnetization cycling procedure was applied.

Both fluids showed a strong magnetorheological response, increasing the shear stress
with the magnetic field intensity (Figure 5). The rheological curves of both fluids under an
external magnetic field were characterized by the yield stress. The magnitude of the yield
stress increases its value with the increase of the magnetic field intensity in both MR fluids.
In addition, in both cases, the post-yield behavior can be described as pseudo-plastic.

(Figure 5)

The Herschel-Bulkley model has been used [38] for the parametric description of the
rheological post-yield behavior of both magnetic fluids in function of the magnetic field
intensity:

t=t,+Kig" @),

where T is the shear stress, I the yield stress, § is the shear rate, K the consistency and n

the pseudo-plasticity index.

Figure 6 shows the yield stress dependence on the magnetic field intensity of both
fluids. The magnetic fluid composed with the EEW MNPs show larger yield stress values
comparing with CIP-based fluid in the entire range of the applied magnetic field. This can
be explained by the larger value of magnetic saturation of EEW MNPs (Figure 3), as far as
the local saturation of the particle magnetization determines the yield stress magnitude [12].
As described by Kim et al. [39], the relationship between the yield stress and the magnetic
field intensity is determined by a power law dependency that decreases its value at the
critical magnetic field intensity. The fluid composed with the EEW MNPs show a larger

critical magnetic field intensity value due to the saturation magnetization.

Figure 6.



Table 1 contains a comparative analysis of the main yield stress values for magnetic
fluids reported in literature [11, 40-43] and those in the present work. From the values
appearing in the table one can see that, except for those obtained by Noma et. al. [11], the
remaining yield stress values are considerably lower than the ones obtained in this work.
The results obtained by in Ref. [11], are related to both a larger particle concentration and
also larger particle size (104 nm vs 77-80 nm in our case). It can be taken into account that
the particles used by Noma et al. have the same value of the saturation magnetization of 190
Am?/kg, but larger mass and therefore, larger magnetic moment, more than twice our EEW
MNPs. Such an increase in magnetic moment can be associated with the increased yield
stress. At the same time the larger mass favours the particle sedimentation of the MR fluid.
Although large yield stress values are preferred in order to optimize the performance of any
MR device, the big particle size affect negatively the fluid stability and a compromise
between those two parameters must be achieved.

Table 1.

Coming back to the details of fabrication techniques, the following remarks can be
made: EEW particles were obtained with a protective iron oxide coating in the same
fabrication chamber using passivation by oxygen. The amount of MNPs, which can be used
for preparing the MR fluids without any further treatment, was very high (reaching about
one kilogram per batch). The technique is “green”, i.e. it does not include water processing.
The relatively easy formation of magnetic fluids using EEW MNPs is connected with their
very good sphericity, very low amount of defects on the surface and high value of the
magnetic moment, considering the size of the particles.

The arc plasma synthesis method for the production of the nanoparticles [11]
supposes the particles fabrication in a non-oxidizing environment of Ar-50% and H> —50%
gas mixture. Such an atmosphere is a reductive one and therefore an oxide layer was formed
in the surface. A further treatment in silane was needed to modify the oxide surface and

made it appropriate to disperse the nanoparticles into the oil carrier.

5. Conclusions

Iron magnetic nanoparticles have been produced by the high yield technique of the
electric explosion of a wire, using pulses providing 130 % the energy of sublimation of
metallic iron. XRD analysis confirmed that the major crystalline phase (95 + 1%) was a-Fe

with lattice parameter a = 0.2863(3) nm. The size of coherent diffraction domains of this
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phase was 77 + 3 nm. Two minor phases were found: 2 + 1% of y-Fe, cubic bcc (S.G: Fm-
3m) with lattice parameter a = 0.3592(2) nm and 3 + 1% of magnetite (S.G: Fd-3m) with
lattice parameter a = 0.8360(6) nm: y-phase might be associated with small MNPs in the
ensemble and magnetite phase corresponds to the passivation layer on the surface of MNPs.

The EEW MNPs presented a larger saturation magnetization value, reaching about
87 % of the saturation magnetization of the iron in the bulk state due to the contributions of
the thin passivation layer and the scarce nanoscale size defects. Hence EEW NMPs
demonstrated an improved magnetic performance with respect the CIP micron sized
particles studied for comparison. The MR fluids composed with the EEW nanoparticles
showed larger yield stress (~ 1250 Pa for H = 140 kA/m) values than the MR fluids with
CIP micron sized particles (~ 1150 Pa for H = 140 KA/m).

We had proven that the EEW MNPs have a noteworthy potential for MR fluids,
showing large yield stress and superior fluid stability. The EEW technique is characterized
by reduced energy consumption, a large production rate and the obtained particles being
ready for dispersion in the oil carrier for MR fluids applications.
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Table 1. Comparison of different MR fluids prepared with micro and nanoparticles.

Reference Particle Particle Particle Carrier Magnetic| Yield

composition size concentration field stress

(hm) (Wt.%) (KA/m) (Pa)

This work Fe (EEW) 85 10 Mineral oil 140 1250

This work Fe (CIP) 1100 10 Mineral oil 140 1150
[40] Fe304 200 10 silicone oil 137 50
[40] Fes04@SiO- 240 10 silicone oil 137 158
[41] Fes04 200 20 silicone oil 171 40
[42] Fe 4 20 Lubricant oil 343 20
[43] PMMA\/ Fe30, 8-15 10 Yubase8 343 40

[11] Arc plasma Fe 104 15 Silicone 238 5500

[11] Fe (arc plasma) 104 15 Silicone 159 3100

[11] Fe (arc plasma) 104 15 Silicone 79 1500
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Figure captions:

Figure 1.
XRD pattern for Fe MNPs (Bruker DISCOVER D8) synthesized via EEW method.

Figure 2.

SEM (a) and TEM (b) images of iron nanoparticles synthesized via EEW method. Inset —
particle size distribution obtained by image analysis (histogram) and its lognormal fitting
(line).

Figure 3.

SEM image of commercially available micron sized carbonyl iron particles (CIP).

Figure 4.
Hysteresis loops of CIP microparticles and EEW MNPs of iron: EEW MPNs show higher
(approximately by 7%) saturation magnetization than CIP microparticles. Inset shows the

low field behaviour.

Figure 5.
Rheological curves as a function of the applied magnetic field: 1 —H =0, 2 - H = 13 KA/m
H = 26 KA/m, H = 68 kA/m, H = 140 kA/m. (a) MR fluid with EEW Fe nanoparticles, (b)

MR fluid with CIP micron size particles;

Figure 6.
Herschel-Bulkley model parameters for different applied magnetic fields: (a) yield stress, 7,

(b) consistency K, and (c) pseudo-plasticity index, n.
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Figure 3.
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Figure 4.
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Figure 5.
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