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ARTICLE INFO ABSTRACT

Keywords: Magnetorheological fluids (MRFs) belong to the category of smart materials capable of reversibly altering their
Tr_‘b‘?l"gy rheological behaviour under the influence of an external magnetic field. One of the most critical issues
Friction encountered in real-world applications, such as semi-active damping systems, is the long-term operational sta-
Wear . . bility caused primarily by the excessive wear of the contact surfaces of the system. This study investigates the
Magnetorheological fluid . . ; . . . s . .

Organosilanes tribological and rheological behavior of magnetorheological fluids (MRFs) containing carbonyl iron particles

(CIPs) coated with various organosilanes. The MRFs were prepared using CIPs coated with (3-aminopropyl)
triethoxysilane (APTES), tetraethoxysilane (TEOS), vinyltrimethoxysilane (VTMS), and hexamethyldisilane
(HMDS). Tribological experiments, conducted using a ball-on-disc configuration, demonstrated that
organosilane-coated CIPs significantly improve the tribological characteristics compared to bare CIPs. The spe-
cific wear rate decreased from 3.393 x 10~ mm® N~ m~! for bare CIPs to 1.248 x 10~* mm® N~! m~! for
HMDS-coated CIPs. The friction coefficient was also reduced, with HMDS-coated CIPs showing the lowest value.
Rheological experiments revealed a direct correlation between shear viscosity and magnetic field strength, with
organosilane-coated CIPs exhibiting lower viscosity and improved sedimentation stability. Among the coatings,
HMDS showed the most significant reduction in wear and friction, attributed to the formation of a protective
tribo-layer.

1. Introduction

A magnetorheological fluid (MRF) is a suspension typically
composed of ferromagnetic spherical particles of carbonyl iron (CIPs)
with a size range of 0.5-10 pm and high magnetic permeability. These
particles are dispersed in a non-magnetic continuous phase [1,2]. Due to
its properties, it is possible to alter the very nature of the rheological
properties of MRF. It is classified among so-called smart materials,
which have the ability to change and exhibit reversible characteristics as
a result of a transformation from a liquid to an almost solid-like state.
The application of an external magnetic field influences this change in
rheological manner. Magnetorheological fluids (MRFs) in the off-state
usually exhibit slightly non-Newtonian behaviour. However, for

magnetorheological (MR) device modelling, the Newtonian behaviour
of MRFs is usually assumed. As different values of a magnetic field are
applied, the yield stress also linearly increases for low fields. The action
of the magnetic field leads to a dynamic phase transition, where the
magnetic particles, under the influence of an external magnetic field,
form chain-like or clustered structures, thus altering the rheological
properties of the suspension [3-8].

Recently, magnetorheological fluids have been used in various
automotive, construction, and military industries. These systems are
used in the form of damping systems [9,10]. One of the major problems
limiting their operational stability is the high wear rate caused by fric-
tion of the contact surfaces. Several studies have already been conducted
to address the issue of MRF’s tribological properties. When evaluating
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the magnitude of wear, it is necessary to separate the effect of the fric-
tional shear forces from the effect of interfacial particle slip. Sarkar and
Hirani [11] presented the possibility of continuously controlling the
magnetic field by modifying the tribological tester. The coefficient of
friction (COF) scales with the magnetic field. Thus, MRFs exhibit a
controlled change in tribological properties as the magnitude of the
magnetic induction changes [12]. In a closer examination of the oper-
ational wear of the MRF system, the wear characteristics of the O-ring
used in the dynamic system were investigated [13,14]. The COF be-
tween the O-ring and the piston rod increases with the particle size and
mass fraction of the CIPs in the fluid. The abrasive action of the MRF
particles on the O-ring surface is the main and most common cause of
wear [13].

There are, however, some promising ways to obtain better me-
chanical properties for MRFs, especially with the modification of the
CIPs. Bombard and de Vicente proved that the presence of an amorphous
silica surface coating on some commercial CIPs can improve the anti-
wear properties and reduce the friction magnitudes. This fact also cor-
relates with the CIPs size used in the suspension [15]. The approach of
core-shell CIPs structures also exhibits optimized sedimentation stability
properties, which is also one of the issues limiting long-term operational
stability [16]. The synthesized CIPs exhibited lower shear stress without
losing the MR properties of the suspension [17]. Sedimentation stability
was also enhanced by adding a submicron layer of fumed silica to the
MREF resulting in reduced sedimentation. This admixture also affects the
flocculation stability with no noticeable change in the MR behaviour
when the magnetic field is altered [18,19]. Eshgarf and co-workers [20]
tested the modification of a suspension based on conventional CIPs by
adding synthesized magnetite nanoparticles into the system. This
modification was tested using a rotational rheometer, and the resulting
analysis suggests that the magnetic nanoparticles increase the stability
of the CIPs deposition and improve the magnetorheological properties.
Another element affecting the tribological behaviour of the MRFs is the
use of lubricants. A study focusing on the tribological behaviour of
ferrofluid lubricated MRF was conducted during the both on and
off-state. The results indicated a lower COF for the MRF containing the
lubricant than the standard MRF, which correlates with less wear
damage [21]. The lubrication film formed between the particles and
plates reduced abrasion by creating a protective layer on the surface.
Using a film with poorer lubrication properties resulted in higher yield
stress and greater susceptibility to shear thickening, leading to a dete-
rioration of the tribological and the MR properties [22].

The size and shape of the particles are another aspect that can have
significant influence on the stability of the MR suspension and the
magnitude of wear [23]. A study by R. Upadhyay [24] investigated the
effect of CIP’s shape on the properties of MRF. The use of iron flake
particles showcased several advantages over spherical particles. Their
shape allowed for a reduction of the friction between the particles and
thus improving the properties. Furthermore, the flakes had a larger
surface area, which increased their ability to interact with the magnetic
field and thus elevated the magnetic response of the whole system. The
flake-shape typology also tends not to settle, which improved the sedi-
mentation of the overall suspension. Although very promising results
were obtained using magnetic flakes compared to spherical particles
[25,26], and further research into the use of different morphologies to
improve the tribological properties of MRFs is certainly worthwhile,
spherical CIPs constitute the vast majority of dispersed magnetic parti-
cles in MRFs (easy and mass production). Therefore, further investiga-
tion into improving the tribological properties of CIP-based systems is
also warranted, which is the essence of this work. The surface typology
of the dispersed particles also played an important role in the experi-
ment, where the surface of the CoNi microsphere was modified using
carbon quantum dots. This modification led to the formation of a rough
surface, which played an important role in the determination of the
tribological properties. The microspheres of CoNi with rough surfaces
improved the tribological properties of the MRF. These results suggested
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that the rough surface of the CoNi microspheres could positively influ-
ence the magnetorheological effect [27]. Coating CIPs with silver
nanoparticles can also indeed help prevent abrasion [28,29]. Silver
nanoparticles provide a protective layer that can enhance the tribolog-
ical properties of the particles, reducing wear and friction. The imple-
mentation of the MRF studies for braking performance testing is one of
the next steps to develop fine-tune smart systems for future applications.
The results of the MRF study enriched with graphite flakes confirmed
that this modification influences reducing brake rotor wear. These
measurements were performed using a full-scale brake inertial dyna-
mometer, which allowed testing only the wear under real conditions
[30]. Further practical studies investigated the thermal and tribological
properties of a disc MR brake system operating in shear mode under
different operating conditions. The test results showed that the small
working limit significantly affected the abrasion properties of the brake
system, which was manifested by large ridges and deep grooves on the
worn surfaces of the friction pads [31]. In tribological applications,
organosilanes play a critical role in reducing the COF and wear [32].
Juretzka et al. explored the tribological and tribochemical behavior of
organosilane as oil additives, reporting that these compounds form tri-
bofilm during tests with mineral oil lubrication. This process leads to the
development of a multilayer film, which significantly enhances tribo-
logical performance and corrosion resistance. In another study, Satya-
narayana et al. [33] investigated the tribological effects of
octadecyltrichlorosilane (OTS) and 3-aminopropyltrimethoxysilane
(APTMS) monomolecular layers. Their findings revealed a significant
reduction in COF with the use of OTS, while APTMS led to an increase in
COF. The study concluded that a composite layer of self-assembled
monolayers could be more effective in improving the wear resistance
of MEMS components.

This study focuses on expanding the current knowledge of tribology
in the field of MRFs. To this end, an experiment was conducted to
compare the COF in MRF with modified CIPs coated with an organo-
silane layer. This type of coating was chosen primarily because it does
not suppress magnetic properties, allowing the formation of chains
during measurements under the influence of an external magnetic field.
Particles coated with (3-aminopropyltriethoxysilane (APTES) exhibit
lower magnetic saturation, yet they retain sufficient magnetic attraction
for separation purposes [34]. APTES also generally enhances particle
dispersion in the carrier fluid and provides anti-corrosion protection
[35,36]. Another organosilane demonstrating excellent tribological
properties is tetraethoxysilane (TEOS). This film reduces COF and
significantly decreases the wear rate [37]. CIPs coated with (3-amino--
propyl)triethoxysilane (APTES), tetraethoxysilane (TEOS), vinyl-
trimethoxysilane (VIN), and bis[3(3-methoxysilan)propyllamine (BIS)
were found to exhibit higher MRF stability than uncoated particles,
suggesting that the coating influences MRF stability [38]. Another study
examining the functionality of organosilane coatings in terms of wear
and COF involves the use of 1,8-bis(triethoxysilyl)octane and 1H,1H,2H,
2H-perfluorooctyltriethoxysilane coatings, as well as their combination,
to improve anti-adhesion properties during demolding. The combina-
tion of these coatings reduces COF by up to 30 % compared to a
single-layer coating [39]. Hexamethyldisilane (HMDS), used as a pre-
cursor for SiCN film deposition, was also investigated in a study exam-
ining the film’s effect on COF. HMDS proved to be an effective material
for improving the mechanical and tribological properties of films,
leading to a lower COF and better wear resistance compared to other
types of films, such as SiC films [40]. In another study, HMDS films
synthesized at 300 °C with higher self-bias voltages exhibited strong
adhesion, increased hardness (up to 19 GPa), and a low coefficient of
friction (~0.2). The films demonstrated excellent wear resistance. These
properties make them promising candidates for protective coatings in
tribological applications [41]. Based on previous studies, it can be
assumed that the presence of an organosilane coating reduces COF and
wear of contact surfaces without compromising magnetic response.

An experiment was designed in this study to compare the COF in
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MRFs containing modified organosilane-coated CIPs. The tribological
properties were assessed under varying magnetic field strengths, and the
relationship between the magnetic field magnitude and the minimal
wear of steel-on-steel point contact surfaces was examined.

2. Experimental
2.1. Materials

Carbonyl iron particles (ES grade, 6 pm in diameter, spherical par-
ticles with iron content >99.5 %) were used as the magnetic agents in
the MRFs under investigation and were purchased from BASF (Ger-
many). Hydrochloric acid (HCl, 35 %, p.a.) was used for cleaning and the
activation of CIP’s surface. Toluene (ACS reagent, >99.5 %) was used as
a silanization carrier as well as for particle washing. Dimethyl sulfoxide
(ACS reagent, >99.9 %) was used as an alternative silanization carrier.
Acetone (ACS reagent, >99.5 %) and ethanol (denatured with about 1 %
methyl ethyl ketone) were used for particles washing. All these chem-
icals were purchased from Penta Labs (Czech Republic). For the CIPs
modification, (3-aminopropyl) triethoxysilane (3APTES, >99 %), tet-
raethoxysilane (TEOS, >98 %), vinyltrimethoxysilane (VITMS, >97 %),
and hexamethyldisilane (HMDS, >99 %) were used individually as
silane agents and were acquired from Sigma Aldrich (MO, USA).

2.2. Modification of particles with various organosilanes

The CIPs (100 g) were first washed with 0.1 M HCI to purify them out
of various oxidized residues created during storage. Then, the particles
were washed 3 times with 100 mL of distilled water, ethanol and acetone
and dried under a vacuum atmosphere (100 mbar) at 30 °C overnight. In
order to create the organosilane layer on the surface of CIPs, the washed
and cleaned particles were modified according to the following
procedure:

The CIPs (25 g) were dispersed in the toluene (100 mL) placed inside
of a two-neck round bottom flask. The reaction mixture was bubbled for
10 min under argon atmosphere. A vigorous stirring was established
with a mechanical stirrer at 500 rpm. The various silane agents (6 mL)
(8APTS, TEOS and VTMS) were added dropwise and homogenized for
60 min. The whole mixture was heated up to 110 °C containing a
condenser and it was refluxed for 8 h. The particles were washed 3 times
with toluene (100 mL), ethanol (100 mL), and acetone (100 mL). The
modified particles were pre-dried in ambient atmosphere for 2 h at 60 °C
followed by vacuum drying at 30 °C and 100 mbar overnight. Lastly, the
Particles were ground using a mortar dish to obtain a fine powder.

The modification of the CIPs surface with HMDS was, however, due
to the different nature, carried out with the following procedure: The
CIPs (25 g) were immersed in DMSO (100 mL), and 6 mL of HDMS was
added dropwise under vigorous stirring. The reaction was set up under a
condenser, temperature 160 °C, and decreased vacuum. The cooling
system at the condenser was ethylene glycol, and the mixture was cooled
down to 8 °C to achieve reflux. The washing procedure was the same to
as for the previously mentioned organosilanes; however, DMSO was
used in the first step. The particles were dried and ground as the other
Cl-organosilane systems.

2.3. Particles characterization

The successful modification of CIPs with the organosilanes was
analysed by following the literature [38]. Moreover, the FTIR in-
vestigations have been performed using Nicolet FT-IR spectrometer
(Nicolet Magna-550 Spectrometer, USA) in the region of 4000-600 cm !
on the neat CIPs and their modified analogues. The magnetic properties
of the modified particles were investigated using vibrating sample
magnetometry (VSM, 7407, Lakeshore, USA). In a typical measurement,
250-300 mg of the particular sample was placed in the cuvette. The
wide range of the magnetic fields from —10 000 Oe to 10 000 Oe was
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applied and magnetization saturation was obtained. All measurements
were performed under laboratory temperature. In order to investigate
the thickness of the created coatings on the surface of CI particles the
Langevin model have been used to calculate the magnetic core diameter
which was already applied at various studies [42,43].

1
i -H
tanh (’",(”—‘})

where m is the magnetic moment, y is the magnetic permeability of free
space (4m x 107 H m’l), H is the magnetic field, k is the Boltzmann
constant (1.38x 10723 J K1), Tis the temperature in Kelvin, and Mg is
the saturation magnetization.
Under the assumption of the spherical shape of particles, the mag-
netic particle diameter, d, was determined by the following relation:
6-m

1
df 3
- (”‘MS>

2.4. Magnetorheological analysis
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In total, five MRFs of the same concentration of CIPs (60 wt%) in
silicone oil (viscosity 350 cSt, Sigma Aldrich) were prepared. Their
coding corresponds to the type of organosilane used (e.g. MRF-TEOS
corresponds to an MRF containing CIPs modified with tetraethox-
ysilane, MRF-ES contains bare CIPs). The MRFs were prepared by
thoroughly mixing the corresponding amount of CIPs in silicone oil.
Prior to use, the given MRF was homogenized/stirred for 5 min by hand
with a glass rod and then for 1 min using ultrasound.

The magnetorheological performance of the MRFs was investigated
using a rotational rheometer Physica MCR 502 (Anton Paar GmbH,
Austria) with an MRD 170/1 T magneto-cell at 25 °C. A parallel-plate
measuring system with a diameter of 20 mm and a gap of 0.5 mm was
used. Magnetosweep experiments were perform to investigate the MRF’s
response to magnetic fields. Firstly, the MRF was mixed at a shear rate of
50 s~! for 1 min without the presence of a magnetic field. Then, the
current in the magneto-cell was linearly increased within the interval
0-0.65 A (magnetic field intensity 0-200 kA m~ 1) in the time interval of
80 s and at a constant shear rate of 10 s~ ! (40 of measured points). The
rheological measurements were repeated three times for each MRF. For
this type of measurement, the error bars are not higher than the actual
size of the symbol in Fig. 5. The sedimentation stability of prepared
samples was measured using visual observation technique.

2.5. Tribological experiments

A multifunctional universal tribometer (R-tech, MFT-5000) was used
for performing the tribological experiments using a reciprocating drive
with or without the application of a magnetic field as shown in Fig. 1.
The disc specimen was mounted on the reciprocating drive using a
proper fixture, while the ball was fixed to the upper ball holder. The
upper surface of the disc was submerged in MRF. The tests were con-
ducted under boundary lubrication conditions [44,45], the detailed
calculation for which is shown in the Supporting information. Similarly,
on the basis of Egs. (3)-(6), the lambda parameter of 0.40, 0.35, 0.25,
0.62 and 0.47 was obtained for MRF-ES, MRF-3APTS, MRF-HMDS,
MRF-TEOS and MRF-VTMS, respectively. For all the conditions consid-
ered in this study, A was less than 1, which conformed with the boundary
lubrication regime. A Neodymium permanent magnet was positioned
below the disc, producing magnetic flux, as illustrated in Fig. 1.

The magnetic flux was quantified using a digital Gauss meter (DMG-
102) and the magnetic field was not homogeneous throughout the
sample. It varied with the radius of the disc, where a magnetic field of 5
mT was obtained in the centre of the disc and less (4.8 mT and 4.9 mT)
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Fig. 1. Schematic image of universal tribometer with the setup of the holder.

Table 1
Parameters for tribological experiments.
Description Value
Load (N) 15
Frequency (Hz) 10
Cycles 12500
Temperature Room temperature
Magnetic field (mT) 5
MREF type (MRF-ES), (MRF-3APS), (MRF-HMDS), (MRF-TEOS), (MRF-
VTMS)

was found on the outer side of the disc. So, all tests were conducted in
the centre region of the disc in this work. The ball and disc employed for
the tribological experiments were comprised of stainless steel (SS-316).

—0.21

0.65
hmin—7.43R (1 - 0.85¢ ") (/e ) (L /r? E) 3)
. 2
Tl 1w (G
EOTER
6 =1/(642 + 032) 5)
=t ©
o
where:

u is the sliding velocity (m/s), k is the parameter of ellipticity, 7 is the
absolute viscosity (Pa s), L is the Normal load (N), Rb is the radius of the
flat disc (infinite), Ra is the ball’s radius, v, is the Poisson’s ratio for the
ball material, v, is the Poisson’s ratio for the disk material, Eb is the
modulus of elasticity for the disk material (GPa), Ea is modulus of
elasticity for the ball material (GPa). R is the effective radius of curva-
ture, E* is the equivalent modulus of elasticity of the tribopair, and ¢* is
the equivalent surface roughness. o, and o}, represent the surface
roughness of the ball and disc, respectively. hy, denotes the minimum
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film thickness.

The samples were polished using various grits of emery papers (400,
800, 1000, 1200, 1500, and 2000). To achieve a mirror-like surface
finish, a diamond paste within the range of 2 to 0.25 pm was applied to
the samples and the polishing was performed with a velvet cloth. The
tribological experiments were performed according to the ASTM stan-
dard G133-05 and the details of experimental parameters are listed in
Table 1.

For each experiment, 2 mL of the MRF were used. Before and after
each test, the specimens were cleaned with acetone and subsequently
dried in an oven. The COF on the contact surfaces was assessed with and
without the magnetic field. A 3-D profilometer (R-Tech, USA) was
employed to examine the profile of the worn surfaces. The surface
topography was examined using FE-SEM (Gemini-500, ZEISS, Germany)
and EDX (EDX, Ametek) before and after each experiment.

3. Results and discussion
3.1. Particles characterization

In order to specifically confirm the presence of the various silanes’
moieties on the surface of the CIPs, the FTIR investigations have been
performed and the spectra are present in Fig. 2. In all cases, the presence
of the vibration of C-H groups are clearly visible in grey rectangle which
corresponds to the absorption bands from 3000 to 2800 cm™!. More-
over, the presence of silane absorption bands from 1200 to 1100 cm ™! is
apparent for all investigated samples. The individual absorptions of the
specific moieties can be seen in Fig. 2a, where for CI-APTES, the C-N
absorption band is in 1449 cm™! and for the C-O stretching at 1185
cm ! similarly as was already published [46]. The presence of TEOS on
the CIPs surface was confirmed by typically seen absorption bands at
973 cm™! for Si-OH, which is slightly lower than usual due to the co-
valent attachment to CIPs. Another absorption band is visible at 1488
ecm™! which is typical for C-H bending specifically visible at TEOS
structure. The presence of the VTMS moiety was confirmed by a sig-
nificant peak at 1654 cm ™, corresponding to the C—=C bond as a part of
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Fig. 3. Magnetosweep for the MRFs under investigation.

VTMS. The HMDS has typical band as other silanes, although due to the
absence of Si-O bonds some of the peaks are missing. However, a sig-
nificant peak at 832 cm™! confirms the presence of the Si-C bond which
is in majority present in this substance. The neat CIPs were not added to
this figure, due to the fact, that they do not show any significant ab-
sorption peaks in the whole investigated range as was already published
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[47]. The corresponding neat silanes have slightly lower wavenumbers
compared to CI-modified particles (Fig. 2e-h) which is a consequence of
the modification and slight change in the structural difference between
the original silane and after modification.

A schematic illustration of the particular bonding onto the CIPs
surface is presented in Fig. 2i. In the case of the (3APTS, TEOS and
VTMS) the synthesis procedure allows to creation of Si-O-C bond
similarly as in the previously reported article [38]. Another synthesis
was approach realized in case CI-HMDS particles under specific condi-
tions of Si-C bond created due to the fact that such bond needs more
energy similar as was published elsewhere [48].

The magnetization curve in Fig. 2j provides a clear evidence that neat
CI particles have very good performance for intended application and
are in good agreement with previous reports [42]. After the modification
with silane-based moieties, the magnetization saturation has slightly
decreased from 195 emu g~ for neat CI to 189 emu g~! similarly to our
previous study [38], providing particles with sufficient magnetic capa-
bility for MR applications.

3.2. Magnetorheology

To demonstrate the magnetorheological effect of the studied MRFs, a
magnetosweep was performed, during which the increase of viscosity of
the MRF is monitored with the increasing intensity of the applied
magnetic field (Fig. 3). Evidently, all studied MRFs show a significant
MR effect as the dispersed magnetized microparticles (under the action
of an external magnetic field) are connected into chain-like internal
structures oriented along the magnetic field streamlines.

This phenomenon is macroscopically manifested by an increase in
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Fig. 5. Sedimentation stability test for five days.

viscosity corresponding to the intensity of the applied magnetic field. As
can be seen in Fig. 3, MRF-ES exhibits the most significant MR effect at
lower magnetic field intensities, which MRF-3APTS however exceeds at
higher values of magnetic field intensity. This may be a consequence of
the better wettability of the modified particles by the silicone oil used as
a carrier liquid and more compact clusters not containing agglomerates
(as may be the case with bare ES particles) in the presence of higher
magnetic field intensities [49]. However, the MRFs with various
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organosilane-coated CIPs generally show a lower MR effect due to the
lower permeability of organosilane-modified CIPs variants caused by the
non-magnetic coating on the surface of the particles [38]. However, it is
worth noting that the mentioned decrease in the MR effect is negligible
and can only be observed when using linear scaling in Fig. 3.

Fig. 4a and b represent flow curves in the off-state and on-state (20
kA m™!, which is ~ 5 mT for the magneto-cell and CI particles used),
respectively, when in the absence of an external magnetic field, the
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MRF-ES system exhibits the highest shear stress (i.e. also viscosity),
which confirms the aforementioned fact that this suspension contains
agglomerates, which are gradually disturbed with the increasing shear
rate. All other systems formed by modified CIPs show lower shear stress
at low shear rate values, which confirms the improved compatibility of
particles with silicone oil due to the presence of an organosilane layer on
the surface of the magnetic particles. Furthermore, when an external
magnetic field is applied (Fig. 4b) with a magnetic flux density of 5 mT
(identical to that used in tribological measurements), the MRF-ES ex-
hibits slightly higher MR effect due to the highest magnetization of the
particles, which corresponds to the course of the magnetosweep (Fig. 3).

3.3. Sedimentation stability

A 5-day sedimentation stability test was conducted on all prepared
samples as shown in Fig. 5. The results showed that the ES-type particles
exhibited poor sedimentation stability after just one day. In contrast, the
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sedimentation stability. This improvement can be attributed to the
reduced bulk density of the organosilane-coated CIPs, which minimizes
the density mismatch between the base fluid and the coated CIPs.
Among the organosilane-coated samples, the MRFs based on TEOS and
3APTS-coated CIPs showed slightly lower sedimentation stability
compared to those with HMDS and VTMS-coated CIPs. By the fifth day,
all suspensions had settled and displayed similar sedimentation stability.
Overall, the organosilane-coated CIPs-based MRFs outperformed the
bare (ES) CIPs-based MRFs in sedimentation stability.

3.4. Tribological characteristics of prepared MRF

3.4.1. Coefficient of friction (COF) analysis

Fig. 6 illustrates the average COF of the samples (MRF-ES, MRF-
3APTS, MRF-HMDS, MRF-TEOS, MRF-VTMS) and variation of the COF
with sliding time in the presence and absence of the magnetic field. In
the absence of a magnetic field, the avg. COF experienced a substantial

organosilane-coated particles demonstrated significantly better reduction for both fluid types, whether comprising bare CIPs (MRF-ES)
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0.25
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Fig. 6. (a) average COF over the entire time span graph of all the samples, (al) COF as a function of sliding time graphs with the magnetic field (5 mT), and (a2) COF

as a function of sliding time graphs without the application of magnetic field.
Bare CIPs

Lubricating film

(a)

Organosilane-coated CIPs
Protective film of organosilanes

(b)

Fig. 7. Schematic of the lubrication mechanism of prepared MRFs (a) bare CIPs based MRF and (b) organosilane-coated CIPs based MRF.
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or organosilane-coated CIPs (MRF-3APTS, MRF-HMDS, MRF-TEOS,
MRF-VTMS). This reduction is attributed to the formation of a lubri-
cating protective film and the rolling action of CIPs. These mechanisms
collectively contribute to minimizing the direct metal-to-metal contact,
thereby mitigating friction, as depicted in Fig. 7a. The introduction of a
magnetic field led to an increase in the avg. COF, as depicted in Fig. 6.
During off-state, the friction behaviour exhibits fluctuations due to the
unrestricted movement of CIPs within the contact interface. Notably, the
MRF containing bare CIPs (MRF-ES) demonstrated the highest COF
value, possibly attributed to the abrasive nature of the CIPs. Further-
more, among the organosilane-coated CIPs, the HMDS-coated CIPs in
particular displayed the lowest COF. This observation is ascribed to the
formation of a thin tribo-layer in the contact interface, facilitating the
removal of wear debris and easy sharing. Examining the COF in Fig. 6
(al and a2), it is evident that the COF of MRF-ES continuously increased
with sliding time in both presence and absence of magnetic field. In
contrast, MRFs utilizing organosilane-coated CIPs showed an initial in-
crease in their COF, followed by a subsequent decrease over time in case
of without magnetic field. This is attributed to the presence of sharp
asperities initially requiring more lateral force. These sharp asperities
become dull after sliding with the counter body due to the generation of
wear particles and form a tribo-layer between the contact interface,
which helps to maintain the stable COF afterwards as shown in Fig. 7 (b).

Ra=0.11 pm
LA | (b1)

(d1)

X fmm)

Ra=0.13um (el)

T

3
* [mm

Fig. 10. (a-e) 3D profilometric images and (al-el) average roughness of the corresponding worn surfaces during the off-state.
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Fig. 11. (a—e) 3D profilometric images and (al-el) average roughness of the corresponding worn surfaces during the on-state.

However, within the magnetic field, the COF increased as the magnetic
field strength increased. This rise in COF can be attributed to the for-
mation of constraint chain which restricting the motion. As the sliding
time increased, the outer layer of the organosilane-coated particles
adhered to the contact interface, gradually thinning the coating layer.
Consequently, the saturation of the CIP particles increased, leading to
stronger magnetization, which further restricted motion and contrib-
uted to the increase in COF [50].

According to Peng et al. [51] the COF at the contact surface increased
due to the formation of a constrained chain of iron particles aligned with
the magnetic field.

The presence of a magnetic field, as depicted in Fig. 6, resulted in the
increased COF. This phenomenon is ascribed to the attractive force
among magnetic particles, resulting in the clustering of CIPs and an
increase in the apparent viscosity due to the formation of a rigid chain-
like structure of magnetic particles, as confirmed by (Fig. 3). Conse-
quently, this raised the resistance to slide and contributed to the increase
of the COF. Fig. 8(a) and (b) illustrate the schematic of the contact
interface mechanism when the magnetic field is turned on and off,
respectively.

Fig. 8b illustrates the formation of a chain during the alignment of
the magnetic particles in the direction of the magnetic field, playing a
crucial role in altering the COF [52,53]. The friction coefficient between
the contact surfaces was increased as a result of the development of a
rigid chain of iron particles oriented along the magnetic field direction
[52,54]. Compared to MRF-ES, MRFs based on organosilane-coated CIPs
showed a lower COF in the presence of a magnetic field. The friction
behaviour was steady under field conditions due to the constrained
chain formation of the CIPs in the contact interface, as presented in
Fig. 6 (a2). Under the influence of the magnetic field, HMDS-coated
surfaces exhibited a lower COF, possibly due to the creation of a me-
chanically mixed layer at the contact interface. A discernible difference
was noted between the HMDS-coated and ES-based MRF. This suggests
that organosilane coatings have a beneficial impact on reducing both the
COF and wear when compared to the MRFs using bare CIPs. The in-
clusion of silica in the organosilanes (3-APTS, HMDS, TEOS, and VTMS)
may contribute to the COF reduction by forming a solid protective layer

at the contact interface [55-57].

Furthermore, the wear volume (with and without the presence of a
magnetic field) was obtained from a 3D profilometer. The specific wear
rate was then determined using Eq. (5) given as [58]:

@)

Sp. wear rate = xS
where W, is the wear volume mrn3, P (N) is the applied load, and S is the
sliding distance in (m).

The wear loss of the MRF with bare and organosilane-coated CIPs
with and without magnetic field is presented in Fig. 9 in terms of sp.
wear rate. The specific wear rate varies between (3.393 x 10 *mm3N~!
mfl) to (2.487 x 10 *mm3N~! m’l) for the MRFs during the off-state.
During the on-state, the sp. wear rate varies between (2.556 x 10~*
mm? N! m’l) and (1.248 x 10~* mm® N! m’l), as shown in Fig. 9.
The sp. wear rate was lower in the present of magnetic field. The sp.
wear rate was analysed for various configurations, with MRF-ES
exhibiting a sp. wear rate of 3.393 x 10™* (mm® N~! m~!). When
coated with 3APTS, HMDS, TEOS, and VTMS, the sp. wear rate
decreased to 3.032 x 107%, 2.487 x 107, 2.756 x 10~* and 2.904 x
10~* (mm® N™! m™1), respectively, as depicted in Fig. 9. Notably, all
organosilane-coated CIPs demonstrated lower sp. wear rates compared
to ES based MRF suspensions.

The lowest sp. wear rate was observed in MRF-HMDS (1.248 x 1074
mm® N~ m™1), while the highest was seen in MRF-ES. This reduction in
wear rate can be attributed to the formation of a mechanically mixed
layer at the contact surfaces due to the organosilane coating on the CIPs
particles. Specifically, the sp. wear rates for MRF-ES, MRF-3APTS, MRF-
HMDS, MRF-TEOS, and MRF-VTMS were 2.556 x 1074, 2.121 x 1074,
1.248 x 1074 1.708 x 107% and 1.564 x 10~* (mm® N~! m™D),
respectively. Although slight differences were observed in the sp. wear
rates among the various organosilanes, the MRF-ES exhibited the
highest sp. wear rate under the influence of a magnetic field. The lower
sp. wear rate in the presence of a magnetic field can be explained by the
reduction in wear-scar dimensions. The influence of magnetic field on
the concentration of the particles play a pivotal role, wherein the
magnetic field lines promote particle concentration in specific regions.
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This localized concentration restricts the abrasion region to a smaller
zone, reducing wear-scar dimensions and consequently lowering sp.
wear rates [46,58,59].

The specific wear rate observed in the MRF-ES and MRFs with
various organosilane-coated CIPs (MRF-3APTS, MRF-HMDS, MRF-
TEOS, MRF-VTMS) is in agreement with the results of the 3D profil-
ometer. Fig. 10a—e and Fig. 1la—e depict that in the absence of the
magnetic field, the average surface roughness was higher compared to
when a magnetic field was present. Nonetheless, utilizing MRF with
different organosilane-coated CIPs resulted in a lower roughness value
when compared to MRF-ES. This aligns well with the COF since high
COF is commonly correlated with the surface roughness (Ra) of the worn
surface.
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3.4.2. Worn surface analysis

The wear mechanism of the worn surfaces of the steel disc was
analysed using FE-SEM and EDX. The investigation focused on the worn
surface of the steel disc subjected to both bare CIPs and CIPs coated with
organosilanes-based MRFs. EDX mapping provides insights into the
presence of carbon, oxygen, and silicon on worn surfaces. Figs. 12 and
14 illustrate the FE-SEM analysis of the worn surfaces under both the
absence and presence of an external magnetic field. The FE-SEM analysis
revealed the wear mechanism, accompanied by abrasion, ploughing
marks, and micro-grooves formation in the presence and absence of the
magnetic field.

In the absence of a magnetic field, the examination of MRF-ES
revealed the presence of deep microgrooves with some abrasive
marks, as depicted in Fig. 12 (a and al). The finding was further
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Fig. 13. FE-SEM of wear scars obtained for bare CIPs and organosilane-coated CIPs based MRF during the on-state.
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(organosilane coated CIPs)

Fig. 14. EDX line mapping of wear scar of (a) organosilane-coated CIPs, and (b) bare CIPs based MRFs.

confirmed by EDX mapping as shown in Fig. 12 (a2) and Fig. S1 (sup-
porting information). Conversely, MRFs based on organosilane-coated
CIPs (3APTS, HMDS, TEOS, and VTMS) displayed only slight abrasion
with some carbon patches, as illustrated in Fig. 12 (b, bl & b2) to (e, el
& e2). This is attributed to the organosilane coating layer over the CIPs,
which diminished the abrasive nature of CIPs. The coating layer reduces
the abrasive nature of CIPs and forms a protective layer at the contact
interface. This protective layer contributes to an overall reduction in
wear [60,61] of the MRF-HMDS and MRF-TEOS resulting in minor
abrasive marks and microgrooves with some carbon patches on the worn
surface.

In the presence of the magnetic field, a notable reduction in the size
of the wear scar was observed compared to the wear scar obtained in the
absence of a magnetic field. The MRF-ES showed minor grooves and
agglomeration of the CIPs, along with some carbon patches which were
evident on the contact surface under the magnetic field condition, as
illustrated in Fig. 13 (a, al & a2).

In contrast, MRF with organosilane-coated CIPs results in micro-
cracks with a protecting layer and carbon, silicon and oxygen patches, as
depicted in Fig. 13 (b, bl & b2) to (e, el & e2). This difference in wear
characteristics is attributed to the protective layer (mechanically mixed
layer) formed by the organosilane coating and the development of a
constrained chain. These protective layers of organosilane coating
significantly reduced the possibility of the CIPs entering the contact
zone, thereby effectively diminishing wear [12]. EDX dot mapping in
Fig. S2 (Supporting information) confirmed the presence of carbon
patches and silicon, providing additional insights into the composition
of the contact surface. For a more in-depth examination of the worn
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surface analysis and the reduction in wear, an EDX line mapping was
utilized, as illustrated in Fig. 14 (a & b).

In Fig. 14 (a & al), clear observations indicate that in the case of
organosilane-coated CIPs, the intensity of iron (Fe), nickel (Ni), and
chromium (Cr) elements is reduced, while other elements such as carbon
(C), oxygen (0), and silicon (Si) exhibit higher levels, indicative of the
formation of a protective film. Conversely, in Fig. 14 (b & b1l) for bare
CIPs (MRF-ES), the presence of carbon (C), oxygen (O), and silicon (Si) is
diminished, while the intensity of iron (Fe), nickel (Ni), and chromium
(Cr) elements are elevated. Based on this observation, it can be
concluded that organosilane-coated CIPs decrease the COF and
contribute to the reduction of wear.

The presence of oxygen (0), silicon (Si), and carbon (C) within the
wear scar of HMDS-based MRF (Fig. 15) provides evidence for the for-
mation of a mechanically mixed layer. This layer is notably more sub-
stantial than for other organosilane-coated particles, as indicated by the
higher concentrations of Si, O, and C. The mechanically mixed layer
plays a crucial role in the decreasing of the COF and wear. Fig. 16 depicts
a schematic representation of the tribo-oxide formation during the wear
process. Upon contact between the two surfaces, their micro asperities
come into contact, facilitated by load application, leading to temporary
welding of these asperities. However, the relative motion causes the
breaking of these welded asperities. Initially, the broken asperities are
sharp and irregular, but continuous load and relative motion leads to
their dulling as they grind against each other to form dull wear debris.
With ongoing load application and the generation of frictional heat,
these wear debris agglomerate and eventually form a tribo-oxide layer.
In this context, the CIPs become entrapped in the surface valleys, sliding
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along with the wear debris. The presence of organosilane coating on the
CIPs facilitates the formation of a mechanically mixed layer on the
surface. This layer acts as a protective barrier or film, reducing the COF
and wear [62].

Lastly, Raman spectroscopy provided additional confirmation of the
formation of the protective film comprising various organosilanes, as
depicted in Fig. 17. The characteristic peaks identified at (D) 1317 em !
and (G) 1583 cm ' correspond to the unique C-C bonds of carbon.
Moreover, the significant peaks observed at 214.9 cm ! and 492.07
cm ™! are attributed to the Alg symmetry mode, while the smaller peaks
at271.28 em !, 381 em 1, and 645.89 cm ! align with the Eg symmetry
mode [63-66]. The presence of these peaks indicates the existence of
ferrous oxide (Fe-O) at the interface of the contacts. Raman analysis
reveals the presence of D and G bands of carbon, along with certain iron
oxide bands, confirming the formation of this mechanically mixed layer
at the contact surface. Conversely, other organosilane coatings show a
lesser formation of the mechanical mixed layer, as evidenced by the
absence or reduced intensity of D and G bands in the Raman spectra.
This observation aligns well with the results obtained from the EDX
analysis. The correlation between Raman spectroscopy and EDX analysis
further strengthens the understanding of the formation and impact of
the mechanically mixed layer on reducing wear and the COF in
HMDS-based MRF compared to other formulations.

To conclude, it can be seen that three silanes (APTES, TEOS and
VTMS) have relatively the same tribological properties or at least the
trend between these was not clear. The main role is played by the
modification bond, which in this case is Si-O-Fe. On the other hand, in
case of HDMS, there is a direct Si-C-Fe bond and it could be more
sustainable and provide better tribological performance.

4. Conclusions

This study explores the tribological characteristics of MRFs,
analyzing various factors influencing system wear. The findings indicate
that MRFs containing organosilane-coated CIPs generally exhibited
lower viscosity compared to those with uncoated CIPs. Friction behavior
was also influenced by the presence of the magnetic field. The COF was
lower when no magnetic field was applied, with MRF-HMDS exhibiting
a lower COF than MRF-ES. This trend was consistently observed across
all MRFs containing organosilane-coated CIPs. These results highlight
the potential advantages of using coated CIPs in MRF-based mechanical
systems such as brakes and clutches, where high friction and minimal
wear are crucial for performance and longevity. The wear characteristics
of the system also improved with the introduction of organosilane-
coated CIPs. The specific wear rate was notably lower in the presence
of a magnetic field, demonstrating the effectiveness of coating in
reducing material loss during operation. Additionally, the wear scar size
significantly decreased with organosilane-coated CIPs, with a more
pronounced reduction when a magnetic field was applied. The pre-
dominant wear mechanisms observed were three-body abrasion and
parallel micro-groove formation, indicating that the coatings influenced
the wear pattern of the system. Based on these findings, it can be
concluded that organosilane-coated CIPs effectively reduce COF and
wear on contact surfaces. Among the tested coatings, HMDS-coated CIPs
exhibited the most substantial improvement, making them particularly
promising for tribological applications requiring enhanced durability
and performance.
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