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ABSTRACT

Magnetic nanoparticles (NPs) are widely used as additives in magnetorheological (MR) suspensions to
enhance their magnetic performance and kinetic stability. The synthesis of NPs is often resolved via
chemical routes or complex manufacturing procedures, which require hazardous chemicals and
generate waste products. In this study, a clean, laser-mediated strategy known as laser fragmentation
in liquids (LFL) is proposed that enables the synthesis of NP-based additives directly from the given MR
suspension, with the added advantage of limiting the production of waste during the fabrication
process. The carbonyl iron (Cl) microparticles dispersed in ethylene glycol were used as both the MR
suspension and precursor agent in the production of the nanoscale additive. The size and crystalline
structure of the NPs were investigated via TEM and XRD, respectively. The mixture of the MR
suspension and laser-synthesized additive notably facilitated the magnetisation of the CI particles,
incrementing the MR characteristics and dynamicyield stress values by up to 31% in a low-to-moderate
field region, which are important aspects in various field-controlled robotic, damping and torque
systems. The concept presented appears to be an effective and clean alternative for fabricating
bidispersed MR suspensions through the nanoscale additive approach.

Keywords: Magnetorheology, nanoparticle fabrication, laser fragmentation in liquids, magnetism,
suspension, additive

1. Introduction

Mixtures of magnetically-permeable microparticles in nonmagnetic liquids are known as
magnetorheological (MR) suspensions. These systems typically exhibit a liquid-like behaviour;
however, in a fraction of a millisecond they can be transformed into a semi-solid-like state once
exposed to an external magnetic field (de Vicente et al., 2011). The transformation, referred to as the
MR effect, is a result of particles being aligned into chain-like structures driven by dipole-dipole
interaction, thereby reinforcing the structure of the MR suspension. The particle chains are aligned
along magnetic flux lines, lending an anisotropic character to these materials, macroscopically
manifested as extreme change (several orders of magnitude) in viscosity, yield stress or viscoelastic
moduli (Ginder et al., 1996). As a consequence MR suspensions play a key role in the active control of
vibrations (Li et al., 2015), torque transducers (Gang et al., 2019), ultrafine polishing devices



(Esmaeilzare et al., 2018) and recently in the clean management of oil production (Esmaeilnezhad et
al., 2018).

Carbonyl iron (Cl) micro-powder is currently the most popular material in magnetorheology due to its
high magnetic permeability, rapid demagnetisation and widespread availability (Felicia et al., 2013).
However, the density of this material greatly exceeds that of the carrier liquid, which causes poor
sedimentation stability and complicates the redispersibility of MR suspensions, ultimately inhibiting
practical applicability. Over the last few years, several approaches have been adopted to enhance the
stability of MR suspensions, the most promising options comprising application of a polymer coating
on the particles (Cvek et al., 2015) or the addition of nanoparticles (NPs) (Hajalilou et al., 2017a). The
advantages of the former approach are concurrent enhancement of thermal oxidation stability and
corrosive resistance of the particles, but subsequent MR performance is usually lower due to
diminished inter-particle interactions (Park et al., 2010). The latter approach involving NPs enhances
the magnetic permeability of the suspensions, potentially raising MR performance.

When formulating the dispersed phase of MR suspensions, it was found that binary mixtures of Cl
particles enhanced packing density and MR performance (Dodbiba et al., 2008). Commercial Cl
particles are fabricated in various grades of size. However, traditional Cl production does not provide
Cl particles in a submicrometric range. This niche is often resolved by supplementation with a small
addition of NPs to further increase close-packing ov the Cl (Park et al., 2009). Regarding the amount
of NPs, it is important to note that a certain limit of them exists above which enhancement of MR
response ceases. Findings have revealed that dosing <3% of magnetic NPs is sufficient; in fact, an
excessive amount (over 7%) formed a ‘halo’ effect, weakening the field-induced structures (Iglesias et
al., 2012).

The fabrication of magnetic NPs can be achieved in several ways, such as hydrothermal reactions,
chemical co-precipitation, and electrochemical methods, to name just a few (Gloag et al., 2019). Most
of these methodologies are associated with a large amount of chemical waste production, risk of
contamination and toxic or hazardous chemical usage; i.e. issues detrimental to the environment
(Anastas and Eghbali, 2010). From these reasons, there is a growing interest in the development of
greener and less toxic ways to produce magnetic NPs (Khatami et al., 2019). For instance, iron NPs can
be synthesized via environmentally-friendly methods from natural sources such as the extracts of
green tea leaves or eucalyptus leaves (Wang et al., 2014) or other abundantly available plants (Devath
et al., 2016). Although methods for green synthesis exist, as yet they have not been implemented to
improve MR suspensions through employing the same material as the precursor for generating NPs.

In response to this challenge, the current work presents an alternative strategy to generate magnetic
NPs directly from the MR suspension by applying laser fragmentation in liquids (LFL). This strategy can
easily be integrated in an industrial production line to fabricate various types of NPs in almost any
liguid environment. The general procedure involves the use of pulsed laser light to irradiate solid
micro- or sub-microparticles, which are immersed in a liquid medium. Each solid particle absorbs the
incoming laser radiation and the energy is distributed throughout the system of the particle in the form
of vibrations. Depending on the amount of energy received, said laser/matter interaction promotes
heating and melting, as well as consequent evaporation of the particle surface. In some cases,
complete evaporation of the entire particle is achieved. This process enables the synthesis of either
nanocolloids or colloidal solutions that contain a mixture of microparticles and NPs (Pyatenko et al.,
2013). The advantages are that the LFL does not require additional hazardous chemicals to support the
synthesis and the generation of by-products is minimal. Therefore, this methodology is considered an
environmentally-friendly means of synthesizing NPs.



The goal of this work was to adapt LFL to facilitate a cleaner method for generating an NP-based
precursor that could serve as an additive in the MR suspensions. This approach differs from any existing
literature connected to magnetorheology describing the fabrication of NPs by chemical methods.
Herein, NPs were generated without giving rise to any waste by-products, and their effect on the
performance enhancement of the MR suspension was investigated.

2. Materials and methods
2.1. Materials

The Cl particles were purchased from BASF (HQ grade, Germany), while ethylene glycol was supplied
from Sigma-Aldrich (purity of 299%, USA). Both chemicals were used as received. The MR precursor
and MR suspensions were fabricated by thorough mixing of these components in ratios described
further in the text.

2.2. Laser treatment of the MR precursor

The experimental setup employed to exploit the LFL methodology for treating the MR suspension was
adopted from a recent work (Donate-Buendia et al., 2018). Their setup had in turn been inspired by
an original passage reactor proposed in 2010 for the efficient generation of colloidal nanoparticles
from organic microcrystals (Wagener and Barcikowski, 2010). As graphically represented in Fig. 1, a
nanosecond pulsed laser beam was focused by a cylindrical lens into a thin liquid jet that contained Cl
particles. The irradiated mixture was collected and redirected to feed the liquid jet again via a
peristaltic pump, which ensured that the most of the Cl particles interacted with the incoming laser
radiation.

The laser source was an Nd:YLF unit (Litron Lasers, UK; LDY300 PIV Series, diode pumped, dual cavity).
It delivers pulses at a central wavelength of 527 nm with a pulse duration of 150 ns full width at half
maximum (FWHM), at a repetition rate of 1 kHz per cavity, giving out a maximum output energy of 25
mlJ, and has a beam diameter of 5 mm at a width of 1/e2. The laser beam was focused into the liquid
jet via a cylindrical lens with a focal length of 100 mm. The irradiated liquid jet was composed of a
mixture of ethylene glycol and Cl particles, at 30 mL and 12 mg, respectively. The concentration of the
mixture was selected in accordance with recent reports dealing with similar systems (Donate-Buendia
et al., 2018). It should be noted that ethylene glycol rarely serves as a liquid phase in magnetorheology
(Zhang et al., 2008), but herein it represented a suitable medium for such laser treatment because it
could simultaneously act as a capping agent. As a result, there is no need to add stabilising agent and
stable nanocolloids are obtained (Torres-Mendieta et al., 2019). According to the particle heating-
melting-evaporation model (Pyatenko et al., 2013), the laser fluence threshold required to evaporate
the surface of a solid particle is ~ 5 J cm™. In the current work, a laser fluence value of ~ 7 J cm™? was
applied to ensure that sufficient energy was provided to the system to successfully carry out the
evaporation process. The aforementioned laser fluence led to evaporation of the surface of the micro-
particles without promoting any undesired effects, such as molecular dissociation of the ethylene
glycol. The period for irradiation of the defined mixture (as above) was set to 60 min, which was
selected as a compromise between the irradiated volume and gaining efficient synthesis of the NPs.
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Fig. 1. Diagram of the setup for treatment of the Cl particles.

2.3. Characterizations of the particles

To evaluate the differences between the original Cl particles and their laser-treated analogues, various
characterisation techniques were employed. The Fe content in the original sample was compared to
that found in the sample after the laser treatment, which was passed through a nylon filter with a pore
size of 200 nm (Agilent econofilter, 1000/pk) to determine the exact fraction of NPs created after the
laser treatment. For this purpose, the corresponding solid content of both specimens was determined
by inductively coupled plasma, whereby optical emission spectrometry (ICP-OES) was carried out on a
spectrometer (Optima 2100DV, PerkinElmer, USA), attaining a resolution of trace elements of >0.2

ppb.

The crystallographic structure of the samples was assessed by X-ray diffraction in powder (XRD) using
a diffractometer (Miniflex 600, Rigaku, Japan) with Co Kal radiation (A = 1.788 A) in a 20 angle range of
10—95° at a scan speed of 1°-min™. To perform the measurements, the samples were dried through
the lyophilisation process in a freeze dryer (FreeZone 2.5 L Benchtop, U.S.) at -50 °C and 0.14 mBar.

Morphology and particle dimensions were investigated by transmission electron microscopy (TEM) on
an instrument (JEOL, JEM-2100Plus, Japan) equipped with a lanthanum hexaboride LaB6 cathode
operating at an acceleration voltage of200 kV. The samples had been sonicated and dripped onto a
carbon-coated grid (300 mesh, Agar Scientific, UK) prior to conducting the TEM analysis. Based on the
images obtained, particle size distribution was analysed in consideration of ~300 individual particles
in each specimen.

The magnetic properties of the Cl particles and their laser-treated analogues were investigated in a dry
state on a vibrating-sample magnetometer (VSM; Model 7404, Lake Shore, USA) in magnetic fields of
+15 kOe under laboratory conditions. The samples were dosed into a VSM sample holder (730931 Kel-
F, powder upper/bottom cup) mounted on a fibreglass tail with a vibration frequency of 82 Hz,
vibration amplitude of 1.5 mm and time constant of 100 ms.



2.4. Magnetorheological experiments

Studying the effect of the laser-treated precursor on the performance of the MR suspension required
that two MR formulations were fabricated, i.e. an additive-free MR system (reference, S1) and another
modified with the NP additive (S2). In S1, the mixture of 60 wt% Cl particles and 40 wt% of ethylene
glycol was applied, while in S2 a fraction of 2.5 wt% of the laser-treated product was added. The
homogeneity of the systems was ensured by ultrasonication (K-12LE, Kraintek, Slovakia) for 5 min.

The diluted (x 10 in ethylene glycol) MR suspensions placed on a glass substrate were exposed to an
external magnetic field (200 mT) produced by permanent magnets, and the field-on particle structure
formation was observed with the help of a Leica digital microscope (DVM2500, Switzerland) fitted with
a VZ80C optics carrier, running LAS V4.1 software.

Finally, the MR activity of the concentrated suspensions was characterized on a rotational rheometer
(MCR 502, Anton Paar, Austria), equipped with a MRD180/1T magneto-cell, PS-MRD/5A power source
generating a homogeneous magnetic field in a range of up to 360 kA m * (Cvek et al., 2016). A sand-
blasted parallel-plate (PP20/MRD/Ti/S) configuration with a gap set to 0.25 mm was employed during
the experiments, while a temperature of 25 °C was maintained by a thermostatic device (Julabo FS18,
Germany). To impose the same initial conditions, the MR suspensions were pre-sheared (1 min, 100 s
1), and the corresponding field was applied (1 min) to the resting suspension to develop chain-like
structures; this constitutes a well-established approach in MR research (Yang et al., 2018).

3. Results and discussion
3.1. Structural and morphological characterization

The XRD diffraction patterns displayed in Fig. 2 detail the crystallographic structure of the Cl particles
and their laser-treated analogues. The Cl particles exhibited peaks corresponding to cubic crystalline
Fe with the symmetry space group Im-3m (COD-database: 1100108); the matching hkl planes were
(110) and (200), while the lattice parameters were a = 2.861 A, b = 2.861 A and c = 2.861 A. The laser-
treated material displayed different peaks, among which the three most intense ones related to cubic
crystalline Fe with the symmetry space group Fm-3m (COD-database: 7204807); the matching hkl
planes were (111), (200) and (220), and the lattice parameters comprised a = 3.633 A, b = 3.633 A and
c = 3.633 A. The rest of the peaks corresponded well to cubic crystalline magnetite (Fe304) with the
symmetry space group R-3m:H (COD-database: 1526955); the matching hkl planes were (110), (021)
and (202), while the lattice parameters equalled a = 5.073 A, b =5.073 A, and c = 11.427 A.

Based on the data obtained, the largest differences between the samples pertained to expansion of
the lattice of the Fe crystal and the appearance of FesQys, in line with principles of the LFL methodology.
The laser radiation heated the Cl particles beyond melting point (>1811 K), expanding their crystalline
lattices, and changed their form from body-centred cubic to face-centred cubic arrangement (Haynes,
2014). Therein, high temperature led to an increment in vibrations in the crystal lattice, which in turn
increased equilibrium atomic spacing, thereby causing expansion of the lattice (Ziman, 1972). The
ethylene glycol also reacted with the evaporated material and the surfaces of the greatly heated
microparticles. Different reports indicate that the laser-mediated synthesis of iron species performed
in an oxygen-rich liquid medium promotes generation of various Fe oxides, most notably FesOa
(Amendola et al., 2011). Although LFL provides the possibility to control the size of the generated NPs,
much like other similar "green” methods (Kamali et al., 2019), it inevitably modifies their crystallinity.
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Fig. 2. XRD patterns indicating the hkl matching planes for a) the Cl particles and b) the laser-treated particles (the symbol *
denotes the hkl planes that match those corresponding to Fe;0,).

Fig. 3 shows the TEM analysis of the Cl particles that had received laser radiation. As indicated above,
the Cl particles served as a precursor for production of the corresponding NPs. Fig. 3a shows that not
all of the Cl microparticles turned into NPs, so the resultant product could be described as a mixture
of microparticles surrounded by a large amount of such NPs. The particle size distribution of the former
was monomodal, with an average diameter measuring 1122.3 + 665.4 nm (Fig. 3b). This value is similar
to that provided by the manufacturer (dso value of 2 um via the laser-diffraction method). In contrast
the NPs exhibited a bimodal size distribution (Fig. 3c and d), their average diameters equalling 2.6 +
1.8 nm and 17.8 + 9.1 nm, respectively. In more details, the NPs produced were almost spherical in
shape, and their coexistence with the microparticles is a highly advantageous situation as it increases
close-packing of the particles (Iglesias et al., 2012). The TEM images reveal that the NPs show a great
potential for being incorporated in field-induced particle chains. Indeed, ICP-OES measurements
indicated that the real content of the NPs was approximately 24.9 wt% in the laser-treated fraction.
Therefore, in S2 it was specifically added 0.62 wt% of the NPs and 1.8 wt% of laser-irradiated
microparticles. Various papers state that even though the limit of <3% NPs is suitable for enhancing
MR suspensions, it is more typical to use 0.5—1.5 wt% to avoid an undesirable increase in off-state
viscosity/shear stress in real-world applications (Esmaeilnezhad et al., 2017; Li et al., 2015).



O—
N’

Micrometric particles

80 7//7) Experimental data =t 7/} Experimental data
=~ Gaussian curve fitting 1201 Gaussian curve fitting
S 60- Z
7 z
< +~
2 401 §
™ O
20
o272 , e
0 400 800 1200 1600 2000 0 5 10 15 20 25 30

Size (nm) Size (nm)
Fig. 3. Representative TEM micrographs of the MR suspension after laser irradiation; a) a general view of the sample, b) a
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corresponding to the size of the NPs.

3.2. Magnetic properties

The isothermal magnetic behaviour of the Cl particles and their laser-treated analogues is illustrated
in Fig. 4. The former exhibited an S-shaped characteristic, suggesting ferromagnetic behaviour, with
negligible coercivity, indicative of the potential for rapid demagnetisation. According to the model
proposed by Jiles—Atherton (J—A) (Liorzou et al., 2000), the saturation magnetisation, MS, of the ClI
particles reached values of over 200 emu-g?, as similarly reported elsewhere (Kim et al., 2016). On the
other hand, the NP analogues (Fig. 2b) were characterized by a coercivity of 8.4 kA m™, a remnant
magnetisation of 1.8 emu . g and a mean value for MS estimated as 42.7 emu . g*. Note that the laser-
treated NP fraction might have contained a portion of non-irradiated particles, therefore its Ms value
was designated as "mean”.

The value for Ms gauged for the NPs, which was lower than for the Cl particles, was expected due to
the average particle size. The given magnetic properties originate from two primary mechanisms —
spin rotation and domain wall movement. Since the latter is dominant in ferromagnetism and requires
less energy, it is logical that the multi-domain Cl particles demonstrated a higher MS value. A



consequence of their greater size, this increased the possibility of attaining domain wall movement
(Hajalilou et al., 2017b). Otherwise the coercivity of both materials was in accordance with the well-
accepted law a 1 /D, where D represents mean particle diameter (Hajalilou et al., 2015). This proved
that the Cl particles were ideal for the composition of the MR suspension, in which a rapid field-induced
switch-like behaviour was required. The slightly higher coercivity of the NPs supported the hypothesis
that excessive doses of them in the MR suspension could lengthen response time and cause steric
problems during the particle structure formation.

Regarding the fitting procedure, it should be noted that the ] —A model exhibited excellent close-fitting
capabilities for the magnetisation data of the NPs. In the case of the Cl particles, the mathematical
prediction was still reasonable but a mismatch with the data appeared in the transition from the
unsaturated state to a deeply saturated state (Fig. 5).
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Fig. 4. VSM hysteresis loops for the Cl particles (squares) and their laser-treated NP analogues (circles). The inset displays
magnification of the zero-field region.
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This can be explained by the inherent nature of the J—A model, since parameters related to rotation
domain are not introduced in the model (Zhang et al., 2018). Overall, the laser-treated fraction
exhibited reasonable magnetisation values, indicating that their active incorporation had occurred in
the Cl structures; thus an enhanced MR response could be anticipated.

3.3. Field-induced structuration and MR aktivity

Detailed optical images of field-induced particle structures are considered a suitable means for
predicting their stiffness and showing the impact of various additives (Hajalilou et al., 2017a, 2017b)
across the magneto- and electro-rheology (Mrlik et al., 2018). Such visualisations are given in Fig. 5,
and reveal that the reference MR suspension, S1, exhibited lower particle-chain uniformity than its
analogue, S2, with the laser-treated particles. In the latter suspension, the fraction of the laser-
produced NPs provided enhanced connectivity between the Cl particles, this constituting the main
premise for enhancing permeability and particle-chain rigidity.

Evaluating any enhancements due to the NPs co-existence in the MR suspensions involved measuring
rheological characteristics under conditions of exposing the S1 and S2 specimens to an external
magnetic field. The subsequent data were fitted via the Robertson—Stiff (R—S) viscoplastic model. As
visible in Fig. 6, shear stress and shear rate followed a non-linear trend across the entire range of
magnetic field strengths. Thus, the most popular viscoplastic model, i.e. the Bingham plastic model
(Iglesias et al., 2012), could not be accurately applied. Out of the various non-linear models in
existence, the R—S model was selected as it appeared to possess superior fitting/predictive
capabilities for the given types of flow curves (Cvek et al., 2016). The close-fitting effectiveness of the
R—S model was evidenced by reliable description of the data and a high correlation coefficient (R? >
0.97) in most cases.

Fig. 6 reveals that both of the MR suspensions exhibited nearly Newtonian behaviour in the absence
of a magnetic field. Specifically, S2 displayed certain non-Newtonian traits, most likely due to increased
particle friction and remnant magnetisation of the NPs (Fig. 4, inset).
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Fig. 6. Representative rheological data for S1 (squares) and S2 (circles) under the magnetic field strengths of 0,
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empbhasise difference in shear stress values. The solid lines refer to the best predictions of the R—S model.

This result was supported by the value reported for the fitting n-index, which dropped from 0.96 to
0.90 (for Newtonian fluids n-index equals 1). After imposing the field, a significant increase in shear
stress values accompanied with the appearance of yield stress was observed, which is a typical feature
for moderately to highly concentrated MR suspensions (de Vicente et al., 2011).

In absolute values, S2 exhibited notably enhanced shear stress values attributable to the presence of
the NPs (Fig. 3). The mechanism of such enhancement can be explained as follows: despite the fact
that a certain limitation in the close-packing of microparticles exists, NPs are easily accommodated
among Cl particles, where they serve as pathways for magnetic flux lines (Yang et al., 2018), with the
subsequent effect of mechanically anchoring the internal structures (Hajalilou et al., 2017a). In
contrast to electrorheological fluids (Esmaeilnezhad and Choi, 2019), the stiffening effect was
significantly higher, further evidencing the practical applicability of the developed system.

As is widely known, the most relevant quantity of MR suspensions is yield stress, which is associated
with their efficiency (Bossis et al., 2002). Herein, dynamic yield stress, ty, according to predictions
based on the R—S model, was further used to evaluate the performance of the tested suspensions. As
reported earlier (Ginder et al., 1996), ty is a non-trivial function of the magnetic field applied, due to
magnetic non-linearity and the existence of saturation magnetisation. In this function, two primary
regions/slopes can be distinguished. Under low fields, ty primarily depends on magnetic field intensity
and it scales as f H2. However, beyond a certain threshold, which is referred to as the "critical field”,
HC, ty increases in accordance with f H¥2since MS then becomes more relevant.

As visualized in Fig. 7, the rise in ty was in line with the theoretical model, with only small deviations
being observed. These potentially stemmed from the use of the R—S model as the yield stress
predictor as well as the moderate particle weight fraction in the tested suspensions. Note that the
literature describes MR suspensions of medium concentration as only exhibiting one regime with a
slope of 1.5 throughout a wide range of magnetic field strengths (Esmaeilnezhad et al., 2017), and the



finding herein of single-regime behaviour is in good agreement with this. Unlike the S1 suspension, S2
exhibited enhanced ty values and a slightly higher slope of dependence, which suggests that the NPs
facilitated magnetisation of the Cl particles, although the HC value remained similar.
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Fig. 7. Dynamic yield stress plotted against magnetic field strength for S1 (squares) and S2 (circles). The solid lines refer to
theoretical slopes as per the method devised by Ginder. The grey band denotes the HC region.

It was also evident (Fig. 7) that the importance of the NPs was significant in magnetic fields of low to
moderate strength, demonstrating up to 31% in enhancement, while in higher fields such difference
become less obvious (only 6.4%). The latter situation can be explained as a consequence of reaching
values for MS at which it is preferable to release the gap between two particles. A similar conclusion
was recently drawn by other researchers (Yang et al., 2018), who experimented with ternary MR
suspensions (solid-ferrofluid-liquid systems), which might constitute an analogy for the research
conducted in this paper. The enhancements in ty (in dozens of per cent) achieved by utilizing laser-
generated NPs could be considered comparable with results of ones fabricated via conventional
chemical methods (Leong et al., 2016).

To conclude, the NP-based additive produced using the LFL methodology served as an efficient, close-
packing and enhancing element in the MR suspensions, where it heightened the most relevant MR
property represented by ty. This implies that various MR devices can readily benefit from this clean
and effective technology, including, but not limited to, vibration absorbers, brakes, thermal energy
transfer devices and control valves (de Vicente et al., 2011). As MR performance was predominantly
enhanced in the region of a low to moderate magnetic field region, a great potential is expected mainly
in for small robotic systems operating in such a magnetic field region, e.g. a pen-like haptic interface
(Chen et al., 2018) or MR-based systems for teleoperations (Gang et al., 2019).



4. Conclusions

Due to increase in the level of interest shown for magnetic NPs in the development of efficient smart
fluids, it has become essential to explore alternative means of production that minimize any
environmental impact. Herein, the authors present a facile, environmentally-friendly and waste-free
producing perspective for improving MR suspensions via a nanoscale additive approach. The NP-based
additive was produced directly from the given MR suspension through applying the LFL technique. This
permitted controlled generation of almost spherical crystalline Fes0, and cubic crystalline Fe NPs,
primarily of 2.6 + 1.8 nm and 17.8 £ 9.1 nm in dimension, which demonstrated a reasonable MS value
of approximately 42.7 emu g™. The effect of the NPs on the performance of the MR suspension was
evaluated by analysing their structural and rheological characteristics. Incorporating the laser-treated
additive into the MR suspension enhanced the connectivity of the Cl microparticles and facilitated their
magnetisation, resulting in notably enhanced field-induced shear stress values. Improvement in MR
performance occurred predominantly in the region of a low to moderate magnetic field, equating to
31% in enhancement of ty, highlighting the efficiency of the laser-synthesized additive. Consequently,
the laser-based method was demonstrated to be an environmentally-friendly means for designing
bidispersed MR suspensions with enhanced performance. The approach described is a clean
alternative to standard chemical procedures for fabricating magnetic NPs and brings about equivalent
levels of enhancement. The future challenges can be perceived in further optimizing the laser
treatment process and scaling up the production for industrial purposes, with potential applications
including field-driven robotics and torque or damping systems.
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