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Abstract

Conductive polypyrrole nanotubes were synthesized with a two-step one-pot synthesis. During synthesis, the nanotubes were
decorated with magnetite nanoparticles at different concentrations granting them magnetic properties. The characterization
of the tubes revealed differences from the theoretical reactions. A bidisperse magnetorheological fluid (MRF) was prepared
by mixing the composite polypyrrole nanotubes/magnetite nanoparticles with commercial carbonyl iron spherical micro-
particles in silicone oil. The rheological properties of the bidisperse system were studied under the presence of magnetic
field at room and elevated temperature. An enhancement of the MR effect with the presence of the nanotubes was observed
when compared with a standard MRF consisted only of magnetic microparticles. Due to the faster magnetic saturation of
the nanotubes, this enhancement is exceptionally high at low magnetic fields. The stability of the system is studied under
dynamic conditions where it is revealed that the nanotubes keep the standard particles well dispersed with the sedimentation
improving by more than 50%.
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Introduction

A magnetorheological fluid (MRF) is a unique type of smart
material which may alter its viscosity by several orders of
magnitude within milliseconds upon exposure to an exter-
nal magnetic field (de Vicente et al. 2011). A typical MRF
is composed of micrometre-sized magnetic particles sus-
pended in a non-magnetic carrier liquid. Due to its ability
to change from liquid to solid-like state, several applications
are involved. Brakes, clutches, and shock absorbers are the
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most common examples (Bai et al. 2019; Zainordin et al.
2021; Park et al. 2021; Deng et al. 2021).

Despite the plethora of studies and applications, these
MREFs still face prominent problems such as corrosion at
high temperatures and aggressive environments, coagulation
due to the unfavourable interactions between the particles
and liquid carrier, and lastly sedimentation caused by the
density mismatch of the components. Several solutions have
been proposed to overcome these problems, most notably
using various additives, different morphologies, and coating
the magnetic particles (Stejskal et al. 2021a; Thiagarajan
and Koh 2021). Another approach would be the addition
of rod-like particles in the suspension (Sedlacik and Pav-
linek 2017), thus creating a bidisperse system (or also called
dimorphic, a system in which the dispersed phase particles
are of two different morphologies or size). Such dimorphic
magnetorheological fluids (DMRFs) decrease the sedimenta-
tion effect to acceptable levels and prevent the coagulation
due to the steric repulsions provided by the rod-like particles
(Sedlacik et al. 2013). The majority of bidisperse studies
however are focused on the interactions between spheres
with heavily mismatched size. These studies have shown that
sedimentation stability is significantly increased (Wang et al.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00397-023-01409-9&domain=pdf
http://orcid.org/0000-0003-3918-5084

462

Rheologica Acta (2023) 62:461-472

2021b). Nonetheless, inconsistencies are observed in regard
to the volume fraction of smaller particles. At lower frac-
tions, the small particles fill the gaps in the chain-like struc-
tures formed by the bigger ones when an external magnetic
field is applied; however; higher concentrations could cause
an inferior performance (Wereley et al. 2006; Chand et al.
2014). Other types of bidisperse systems include the addi-
tion of rod-like particle into a conventional MRF composed
of micron spheres. Current studies include different types
of rods, mainly divided to magnetic and non-magnetic ones.
Apart from improving the viability of such MRFs, these rod-
like particles may also improve the mechanical properties,
such as higher yield stress when an external magnetic field
is applied (on-state). Jiang et al. (2011) successfully synthe-
sized a DMRF using magnetic Fe nanowires, showing both
a major reduction in sedimentation and better rheological
properties which were observed even at low magnetic fields.
Unfortunately, these nanowires are prone to oxidation and
have relatively high values of coercivity and remanent mag-
netization. This could lead to a short life span of the system.
Ngatu et al. (2008) also used similar nanowires with a higher
length resulting in improved stability, but the rheological
properties remained roughly the same. Eventually, oxidation
was resolved using coated particles; however, the magnetic
properties of these samples were severely hindered (Sedlacik
et al. 2013). Non-magnetic rods also may show improve-
ments in mechanical properties, leading to the conclusion
that these improvements are caused mainly by the shape of
the particles. This was further validated by Bombard et al.
(2014), who investigated the stoichiometric ratio of the two
components, illustrating that these systems are more efficient
at low rod concentrations.

With the basic concepts already investigated, the way
is paved for more complex DMRFs. A novel DMREF using
polypyrrole (PPy) nanotubes decorated with magnetite,
Fe,0;, which may alter their magnetic properties based
on their preparation, is presented. It is important to note
that this is one of the first reports of a DMRF composed of
magnetic spheres and nanotubes. In a preliminary work, the
effect of the tube morphology and the magnetic and conduct-
ing properties of these nanotubes was studied (Stejskal et al.
2021b). Polypyrrole nanotubes were chosen for several rea-
sons. First, the synthesis of such tubes is proven to be quick
and facile. As mentioned above, some MRFs are prone to
oxidation; however, PPy nanotubes have shown antioxidant
activity (Upadhyay and Kumar 2013). Moreover, non-mag-
netic PPy nanotubes are very versatile being able to find a
utilization in several applications including actuation, bat-
teries, conductive inks, electromagnetic interference shield-
ing, sensors, and electrorheological fluids (Stejskal and
Trchova 2018). In addition, non-magnetic PPy nanotubes
have been used in medical applications including adsorb-
ing influenza viruses, antimicrobial activity, necrolysis, and
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tissue engineering (Liao et al. 2014; Ivanova et al. 2017).
Magnetic nanorods have been already used in biomedical
applications (Nikolaou et al. 2021), thus further increasing
the interest of magnetic PPy nanotubes. For the majority of
literature, the rod/tube-like particles are notable smaller than
the spherical one. Wang et al. (2021a) studied a DMRF with
both tubes and spherical particles being in the range of ~10
nm with great results. Lastly, several DMRFs were prepared
using creative materials and morphologies with the major-
ity focusing on the sedimentation stability; however, their
MR performance was inferior (Wang et al. 2018; Cvek et al.
2018; Marins et al. 2019).

In this work, composite magnetic PPy nanotubes were
synthesized using a novel method, and subsequently, their
magnetic properties were studied together with other physi-
cal properties. Following, several bidisperse systems were
prepared, and their (magneto)rheological properties were
studied and compared with a standard MRF. Lastly, the
thermal stability of the DMREF is evaluated together with
the sedimentation stability in a dynamic environment as a
closer comparison to the actual applications.

Materials and methods
Synthesis of the magnetic nanotubes

Polypyrrole nanotubes were synthesised and decorated
with magnetite nanoparticles during a two-step synthesis.
Two samples were synthesised at different molarities of
iron(IlI) chloride hexahydrate (FeCl;-6H,0) (>99%) which
was provided by Sigma-Aldrich together with the rest of the
chemicals that are mentioned in this part. Table 1 presents
the amount of each component used with the mole ratio of
FeCl;-6H,0 over pyrrole represented as n. For the synthesis,
firstly, the pyrrole (>97%) was dispersed in water (0.2 M in
100 mL), with methyl orange (0.004 M in 100 mL) being
added later on. The dye is the key substance which guides
the growth of tube-like morphology instead of spheres (Mori
et al. 2017). Aside, the second solution of FeCl;-6H,0 in
water (FeCl;-6H,0 is 0.5 M in 100 mL for n=2.5 and 1.2
M in 100 mL for n=6) was prepared. Right after, both solu-
tions were combined, and the polymerization of pyrrole to
the PPy nanotubes was completed at room temperature once

Table 1 Preparation compositions for PPy/magnetite nanotubes

N  Pyrrole (mL) FeCl;6H,0 Water (mL) Methyl

(2) orange

(mg)

Sample 1 2.5 1.4 13.52 200 130
Sample2 6 1.4 32.45 200 130
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the mixture turned dark brown/black and thickened with the
procedure taking a few minutes.

Figure 1 shows the main synthesis reactions. The final
molar concentrations of the reaction mixture are 0.1-M pyr-
role and 0.25-M FeCl;-6H,0 for n=2.5 and 0.6 M for n=6
and 0.002-M methyl orange. To decorate the PPy nanotubes
with magnetite, the resulting PPy dispersion was mixed with
an excessive amount of ammonium hydroxide (4 M) at room
temperature until the solution became basic (pH > 10). The
pH was periodically confirmed using a pH meter. Lastly, the
decorated nanotubes were isolated by filtration and washed
with ethanol. The particles were left to dry overnight at 60
°C.

The final yields were 5.4 g for n=2.5 and 10.6 g for n=6.
The abovementioned reactions are described in detail in a
previous work, focusing only on the synthesis of the rods
and perfecting the molar ratios, during which it was pos-
sible to tune the conductivity and the magnetic properties
of the nanotubes by changing the molar ratio n (Stejskal
et al. 2021b). However, to obtain magnetic nanoparticles
with higher magnetization saturation, the deprotonation
with ammonium hydroxide was modified using ammonium
hydroxide with a much higher concentration in this work.
For n=2.5, all FeCl;-6H,0 should be consumed by the reac-
tion (Fig. 1) to produce the PPy nanotubes in the base form.
For n=6, the excess amount converts the mixture of FeCl;
and FeCl, to magnetite and decorate the nanotubes.

Characterization of particles

The ATR FTIR spectra of the powdered samples were
obtained using the Nicolet 6700 spectrometer (Thermo-
Nicolet, USA) equipped with a reflective ATR extension
GladiATR (PIKE Technologies, USA) and a diamond crys-
tal. The spectra were recorded in the 4000—-400-cm™' range
with a DLaTGS (deuterated L-alanine doped triglycine
sulphate) detector at resolution of 4 cm™!, 64 scans, and a
Happ-Genzel apodization. The morphology of PPy particles
decorated with magnetite was studied by scanning electron
microscope NOVA NanoSEM 450 (FEI, the Netherlands),
while their magnetic saturation was investigated using a
vibrating sample magnetometer (VSM, Model 7407, USA)
with the intensity of magnetic field in a range from —10 to
+10 kOe.

H
N

(aq)
Y\ /7 + FeCly —— >

The specific surface area of the samples was estimated
using nitrogen adsorption/desorption measurement using a
surface area analyser (BELSORP-mini II, BEL Japan, Inc.,
Japan). The data was treated with a Brunauer, Emmett, and
Teller (BET) multipoint method. Thermogravimetric analy-
sis (TGA; TGA Q500, TA Instruments, New Castle, USA)
was performed in air in temperature range 25-700 °C using

a heating rate 10 °C min~".

Preparation of the dimorphic magnetorheological
fluids

For the dimorphic system, carbonyl iron (CI) spherical par-
ticles (CN grade, iron content >99.5%, ds,=6.5-8.0 pm;
BASF, Germany) were mixed with the magnetic compos-
ite PPy nanotubes/magnetite nanoparticles in silicone oil
(Lukosiol M200, Chemical Works Kolin, Czech Repub-
lic; viscosity 194 mPa s, density 0.965 g cm™) at various
concentrations. Before preparation, the particles (both PPy
nanotubes and iron microspheres) were dried overnight at
high vacuum at 80 °C along with the oil to remove possible
moisture. Several DMRFs were prepared with the code-
names and compositions shown in Table 2.

The newly prepared DMRFs were always measured with
the following techniques immediately after their prepara-
tion. Meanwhile, a sonication process was applied using an
ultrasonic bath to ensure that no aggregates were formed.

Characterization of the dimorphic
magnetorheological fluids

The rotational rheometer Physica MCR 502 (Anton Paar,
Graz, Austria) was employed to investigate the flow

Table2 Composition of the prepared magnetorheological fluids in
vol%

Components Code name
MRF25 MRF6 Standard MRF
Carbonyl iron 10 10 10
PPy/Fe;0, nanotubes (n=2.5) 1 0 0
PPy/Fe;0, nanotubes (n=6) 0 1 0
Silicone oil 89 89 90

Fig. 1 The two-step synthesis of magnetic nanotubes; PPy nanotubes are first created using the oxidation of the pyrrole with FeCl;-6H,0. Excess
amounts of FeCl;-6H,0 led to the creation of magnetite under alkaline conditions converting PPy to a base form
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properties of the MRFs. To determine the effect of the mag-
netic field, a magneto-cell (Physica MRD 180/1T) was
employed. The samples were exposed to various external
magnetic fields up to 1050 kA m~!. A temperature control
was achieved using an additional external bath. All samples
were measured using a parallel-plate geometry of 20 mm
with rough surface. The gap was set at | mm for all measure-
ments since this parameter is proved to affect the rheological
properties (Jonkkari et al. 2012). Before each test, the sam-

ples were stirred at shear rate (j/) of 50 s™! for a minute to

redisperse them. The measurements were performed in the
shear rate range of 0.01 to 200 s™! to ensure no overflow
happens during the measurements. Flow curves were per-
formed in the abovementioned range steadily increasing the
magnetic field starting with 150 kA m~! and increasing it by
intervals of 300 kA m~!. After the final flow curve at 1050
kA m~', the sample was redispersed and a second flow curve
was performed with the magnetic field off to evaluate the
impact of previews on-state measurements. Step-wise
increases of magnetic field were performed under steady
shear of 50 s™! during which the magnetic field was turned
on and off every 20 s, each time increasing by 150 kA m™".
The same tests were repeated at 60 °C. The dynamic sedi-
mentation tests were performed in the following way. The
samples were pre-sheared at 50 s~! for a minute to redisperse
the particles. Then, the shear rate was removed with a low
magnetic field of 300 A m~! applied. The field was then
removed and shear of 10 s™! was reapplied. The sedimenta-
tion was calculated as the ratio of the current shear stress
over the shear stress captured right after the field was
removed thus at the start of the off-state.

Results and discussion

Characterization of the polypyrrole/magnetite
particles

FTIR spectroscopy

To confirm the successful synthesis of the targeted tubes,
their ATR FTIR spectra are compared with the spectra
of related and well-established particles, as presented in
Fig. 2. The infrared spectrum of the “standard” PPy nano-
tubes (PPyNT) exhibits the main bands with maxima at
1514 cm™! (C—C-stretching vibrations in the pyrrole ring),
at 1435 cm™! (C—N-stretching vibrations in the ring), at
1283 cm™! (C-H or C-N in-plane deformation modes), at
1128 and 1088 cm™! (breathing vibrations of the pyrrole
rings), and at 998 cm~' (C—H and N-H in-plane deforma-
tion vibrations). In addition, the peaks located at 955 and
832 cm™! correspond to the C—H out-of-plane deformation
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Fig.2 The ATR FTIR spectra of the magnetic composite PPy nano-
tubes/magnetite nanoparticles compared with the spectra of “stand-
ard” PPy nanotubes, PPy base, and magnetite (Stejskal et al. 2016,
2021b, a; Stejskal and Trchova 2018)

vibrations of the ring (Stejskal and Trchova 2018; Stejskal
et al. 2021a). The infrared spectra of the PPy nanotubes are
recorded in Fig. 2. The PPy/magnetite n=6 and 2.5 exhibit
apeak at 1618 cm™!, a maximum at 1546 cm™, and further
notable peaks at 1435, 1283, and 1171 cm™!, and also at
1088, 1045, and 912 cm™'. The shifts of the main bands
can be observed when compared to the spectrum of the
“standard” PPy base, this corresponds to a slight depro-
tonation of the samples which was discussed in detail in
a previous work (Stejskal et al. 2016, 2021b). The depro-
tonation is also reflected in the intensity decrease of the
broad band observed above 1800 cm™!. The presence of
magnetite is detected in the spectra by the peaks observed
in its spectrum and by the enhancement of the intensity of

the broad absorption band below 900 cm™".

Morphology

The particles’ morphology of both composites based on
differing molarities was studied by SEM, as presented in
Fig. 3.

As can be seen, the nanotubular morphology of PPy
was confirmed with a nano-scaled diameter and a length in
micrometre range. Furthermore, the PPy/magnetite (n=6)
particles (Fig. 3b) exhibit obvious magnetite coating (the
presence of magnetite was also confirmed via FTIR and
VSM). However, the n=2.5 counterpart also shows the mag-
netite presence (Fig. 3a), albeit in a lower amount. This hints
that a residual amount of FeCl;-6H,0 was indeed present
after the reaction, even though for n=2.5, theoretically, all
FeCl; oxidant should have been consumed and no magnetite
thus produced, as mentioned in the synthesis section.
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Fig.4 Nitrogen adsorption and desorption isotherms of the prepared
composite particles: PPy/magnetite (n=2.5) and PPy/magnetite (n=6)

Surface properties

The different mole ratio of the precursors used during the
synthesis also affected the surface area of the prepared com-
posite particles (Fig. 4). While PPy/magnetite (n=2.5) par-
ticles exhibited specific surface area 126 m? g™, the sample
PPy/magnetite (n=6) possessed higher surface area 183 m>
g~ ! due to the presence of nanosized magnetite particles.
Furthermore, the shape of adsorption and desorption curves
indicated solid surface of the particles with the presence of
micropores.

Thermogravimetric analysis
Thermogravimetric analysis of the composite PPy/magnetite

particles in air (Fig. 5) showed that the sample PPy/mag-
netite (n=6) exhibited significantly lower drop in weight

100

90

30.75%

Weight (%)
3

70 |

—— PPy/Fe;0, - 2.5
—— PPy/Fe;0, -6

60 " 1 " 1 " 1
0 200 400 600

Temperature (°C)

Fig.5 Thermogravimetric analysis of prepared composite particles
PPy/Fe;0,. Experiments were performed in an air atmosphere using
heating rate 10 °C min™!

(~15%) than the second sample (~30%). While iron oxide
particles during TGA treatment commonly exhibit only
insignificant drop in weight (Jafari-Soghieh et al. 2019),
PPy in air can be fully decomposed (Plachy et al. 2013).
The mass loss should be then ascribed to PPy decomposition
and is more prominent for the sample prepared at n=2.5.
The residues represent the magnetite particles, and as can be
clearly seen, their higher content can be found in the sample
PPy/magnetite (n=6) as expected.

Magnetic properties
The composite PPy/magnetite particles exhibited magnetic

properties, as illustrated in Fig. 6. The composites prepared
at n=2.5 and n=6 were analysed. The synthesised particles
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Fig.6 Magnetic properties PPy/magnetite nanotubes composite pre-
pared at different molarities and compared with their previous alter-
native as reported in Stejskal et al. (2021b)

were further compared with their analogue from a previously
published report (Stejskal et al. 2021b) for a reference.

As can be seen, the newly synthesised PPy/magnetite
peaked at 55.2 emu g~! exceeding the maximum peak of
its previous alternative, peaking at 51 emu g~'; thus, this
modified synthesis proved to be better. As for the reference
comparison, synthesised pure magnetite nanoparticles were
reported in the literature with saturation magnetization 65
emu g~ and 62 emu g~! (Qiu et al. 2006; Fekry et al. 2022).

Magnetorheology
The rheological properties of the bidisperse system com-

posed of the magnetic composite PPy nanotubes/mag-
netite nanoparticles and standard CI microspheres were
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investigated. The flow curves at various magnetic fields for
the MRF 6 are shown in Fig. 7.

The impact of the magnetic field is apparent on the
flow curves with the shear stress increasing several orders
of magnitude especially at the lower shear rates. With the
presence of the magnetic field, the particles are arranged
into chain-like structures which significantly increase the
shear stress. As the magnetic field is further increased, the
rate of stress increase is lower as the magnetization of the
particles reaches their saturation values, a typical behav-
iour of a magnetorheological fluid. For the majority of the
experimental window, the shear stress values show a plateau.
Apart from the plateau values, the magnetic field also affects
its length. To be specific, as can be seen in Fig. 7b, 150 kA
m~' is apparent that the hydrodynamic forces are starting to
take over the magnetic ones at ~1 s~/ with the termination
of the plateau and the increase of stress. The critical shear
rate can be observed closer to 20 s~/. At saturated fields, i.e.
1050 kA m~’, the data indicates that the chain-like struc-
tures become more robust and harder for the hydrodynamic
forces to break. Consequently, the magnetic forces domi-
nate over the hydrodynamic ones throughout the majority of
the experimental window of the applied shear rate starting
from the very low shear rates with such long plateaus being
observed before for bidispersed MRFs (Cvek et al. 2022).
The dimorphic sample in particular has their plateau length
increased when compared with the standard MRF which can
be found in supplementary information. Such plateaus can
be associated with flow instabilities such as the shear band-
ing phenomenon. Indeed, throughout the entire experimental
window and for all measurements where a magnetic field
was used, there is shear banding as a result of the chain-
like structures that the magnetic particles form essentially
phase separating from the liquid carrier. Other shear banding
phenomena in colloids and specifically for rod-like particles
should not be present as the magnetic interactions between
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Fig.7 Flow curves for sample MRF 6 a for different magnetic fields and b for 150 kA m~'. The red line represents a fit based on the Bingham

plastic model
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the particles are too strong (Ovarlez et al. 2009; Parisi et al.
2022). This is the case even at high shear rates where the
hydrodynamic forces dominate (Martinez-Cano et al. 2023).

The critical shear rate, where the hydrodynamic forces
overcome the magnetic ones, is represented by an inclina-
tion of the flow curve to the Newtonian behaviour (Stejskal
and Trchova 2018). For applications, it is important to keep
the magnetic forces dominating for as high shear rates as
possible (Wang and Gordaninejad 2006); thus, the present
suspension can be characterized as excellent. The rest of the
samples share a similar behaviour as shown in the support-
ing information.

From Fig. 7b, a simple Bingham plastic model was used
to extract the yield stress which is shown in Table 3 together
with the rest of the samples.

The dimorphic samples show more than two times higher
yield stress and lower magnetic fields with the difference
being reduced towards the saturated fields. The MRF 6
shows a slightly higher yield stresses although the differ-
ence with MRF 2.5 is minor. The increase of the yield stress
is explained through the nanotubes which fill the gaps in the
chain-like structures formed by the spheres, thus assembling
a more robust arrangement (Ashtiani et al. 2015).

Previously, it was mentioned that the magnetic forces
dominate over the hydrodynamic ones at lower shear

Table 3 Yield stress in Pa at various magnetic fields for the standard
and dimorphic MRFs

rates. As the shear rate increases, eventually the hydrody-
namic forces become relevant. A relevantly good quantity
to compare the two types of forces is the Mason number
(Mn) which is defined as the ratio between the hydrody-
namic forces over the magnetic ones. The well-established
behaviour in the study of Klingenberg et al. (2007) was used
to calculate the Mn which essentially scales linearly with
shear rate and inverse square to the magnetic field Mn~y
H~2. The viscosity then was plotted against Mn as can be
seen in Fig. 8. For all samples, the Mn is way below unity
indicating that the magnetic forces dominate for the entire
experimental window. The standard MRF is following the
predicted behaviour with the data from different magnetic
fields collapsing together. For the dimorphic samples (n=6)
however, that is not the case. The curves are not collapsing
and tend to move towards lower Mn as the magnetic field
is increased indicating stronger magnetic interactions. It is
important to note that the Mn calculation includes many
assumptions, such as perfect spheres of the same size and
simplified magnetic interactions between both types of
particles and the particles with the carrier. Regardless, the
curves are relevantly close to each other. The same behav-
iour is observed for MRF 2.5 which can be found in supple-
mentary information (Figure S3). Such discrepancies have
been observed before. Literature suggests that at saturated
fields, the non-linear magnetization has a significant effect
(Klingenberg et al. 2007); however, in our case, the standard
MREF is not impacted. Such a discrepancy was also observed
in a bidisperse MRF, yet the standard equivalent follows
the expected dependency (Cvek et al. 2022). The explana-

Magnetic field (kA MRF 2.5 MRF 6 Standard MRF . - } e .
m) tion suggested that the interparticle friction which was not
accounted in the theory plays a notable role. Note that we
150 895 884 313 .
used the same equations to extract the Mn examples men-
450 3974 4216 1801 tioned above. Another potential explanation with the Mn not
750 6174 6352 3252 scaling as Mn~yH =2 for DMRFs could be associated with the
1050 6976 7213 4309 structure of the chains. The nanotubes are expected to fill the
a) 10° b) 10° v
v, Vo2
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Fig.8 Viscosity as a function of the Mason number at different magnetic fields and samples: a standard MRF and b MRF 6
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gaps formed during the chain formation of the spheres rather
than forming chain-like structures themselves, something
that the current theory does not account for (Lopez-Lopez
et al. 2005). This phenomenon makes the structures more
robust which is reflected in Fig. 8b, as a decrease of Mn
or increase of magnetic forces. To conclude, it is obvious
that the Mn only describes well spherical systems of rel-
evantly low polydispersity. Magnetorheological fluid studies
with unique morphologies and components avoid to present
measurements with Mn which should be presented to better
understand the overall interactions.

As mentioned above, when a magnetic field is applied,
magnetic particles form chain-like structures which cause
a vast increase in the shear stress. To evaluate this increase,
the stress ratio between the on- and the off-states is studied
for different shear rates. The ratio (MR efficiency) is evalu-
ated for all samples at two different magnetic fields, and the
results are presented in Fig. 9.

The sample prepared using the PPy nanotubes/magnetite
with higher content of magnetite (n=6) shows the highest
shear stress increase, higher than the standard MRF with CI
only, especially at lower shear rates. The MRF 2.5, on the
other hand, displays the lowest stress increase especially in
Fig. 9b. It is important to note that MRF 2.5 shows higher
shear stress values in comparison with the standard MRF
during the on-state as shown in Figure S1. However, the
shear stress values during the off-state are also significantly
higher due to the presence of rods in the system which keeps
the spheres well dispersed and has a reflection in the shear
stress values. Notably, at higher shear rates, the differences
are less impactful for all samples. At lower magnetic fields,
the addition of magnetic composite PPy/magnetite to the
standard MRF plays a more pronounced role on the MR
performance of the system.
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The MR efficiency for the MRF 6 is 3.35 times higher
than the standard MRF at 150 kA m~! while only 1.95 times
higher at 1050 kA m~'. For the MRF 2.5 on the other hand,
the ratio is 1.43 times lower than the standard MRF at 150
kA m~!: however, at 1050 kA m~!, the standard MRF is
3.65 times higher. This behaviour is attributed to the satura-
tion magnetization of the magnetic composite PPy/magnet-
ite which is achieved at lower fields when compared to the
CI microspheres (Esmaeilzare et al. 2018), thus saturating
“faster”. A similar behaviour can be extracted from the yield
stress values of Table 3. Thus, the nanotubes share stronger
interactions at lower fields forming more robust chain-like
structures. The same behaviour was observed for a different
dimorphic study where rod-like particles similarly magneti-
cally saturate at lower magnetic fields (Plachy et al. 2017).
It can be concluded that the addition of magnetic composite
PPy nanotubes/magnetite nanoparticles prepared using the
mole ratio oxidant/pyrrole n=6 improved the MR efficiency
especially at lower magnetic fields. In real applications, the
MREFs are operating at elevated temperatures (McKee et al.
2018; Kumar Kariganaur et al. 2022a). Elevated tempera-
tures may negatively affect the automobile’s performance
(Ramos et al. 2005; Pavlov 2017). Thus, it is important to
evaluate the effect of the temperature on the MR properties
of MRFs.

Temperature effect

Figure 10 shows a step-wise increase of magnetic field under
steady shear for two different temperatures. During this pro-
cess, the magnetic field is turned on and off while steadily
increasing every 20 s. The sample was then redispersed and
the test was repeated at an elevated temperature. For Fig. 10,
the values for the 60 °C are shifted by 20 s for clarity.
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Fig.9 Magneto-induced shear stress ratio as a function of shear rate for different samples and various magnetic fields: a 150 kA m~! and b 1050

kA m™!
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Fig. 10 a The effect of step-wise increase of the magnetic field on
shear stress under a steady shear of 50 s™! at different temperatures
for the sample MRF 6. The changes of the magnetic field are illus-
trated with dotted lines with the values noted on top. The sample at

As can be seen, upon activating the magnetic field, the
stress increased instantaneously. In addition, at 60 °C,
despite the off-state stress being lower due to the shrink-
age of the viscosity of the silicone oil, when the magnetic
field is on, the stress values remain nearly the same. It
can be concluded that in this case, the chain’s strength
has little dependence on the viscosity of the carrier as
both chain-like structures are almost equally robust. An
average shear stress value for the different magnetic fields
was extracted, and the MR efficiency between the on- and
off-state was then calculated. The results are plotted as
a function of the magnetic field together with the rest
of the samples (see supporting information) as shown in
Fig. 10b.

Both bidisperse systems show a significant increase
of their ratio for both temperatures in comparison with
the standard MRF especially at higher magnetic fields.
This can be explained by the interactions between the
PPy nanotubes and CI microspheres. It is known that
such bidisperse systems are arranged differently during
the off-state (Adams et al. 1998). When a magnetic field
is applied, it seems like the particles form the chain-like
structures differently due to these interactions leading to
a greater MR efficiency. Generally, the MR performances
was improved for all samples at 60 °C. This is attributed
to the lower shear stress values (thus viscosity) during
the off-state while during the on-state, the viscosity val-
ues are preserved. Furthermore, several standard MRFs
have been investigated at elevated temperatures of the
same range with the MR performance showing a similar
behaviour (Rabbani et al. 2015; McKee et al. 2018; Li
et al. 2021).
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25 °C is shifted by 20 s for clarity reasons. b Shear stress ratio during
the on- and off-state at different magnetic fields for different MRFs at
two different temperatures

Sedimentation assessment

Sedimentation stability is the biggest obstacle to overcome
for MRFs as the magnetic particles form permanent aggre-
gates reducing the MR properties of the MRFs. The sedi-
mentation stability of the DMRFs and the standard MRF was
studied under constant shear rate of 10 s™" at 60 °C to simu-
late potential applications. The sedimentation was calcu-
lated as the stress of a given time over initial off-state stress.
Figure 11 demonstrates the sedimentation stability over
time. The sedimentation stability for the bidisperse samples
is noticeably enhanced. Despite the elevated temperature
which is proven to escalate sedimentation (Kumar Karigan-
aur et al. 2022b, a), the dimorphic samples can be compared
with other MRFs with increased stability (Sedlacik et al.
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Fig. 11 Dynamic sedimentation tests for various MRFs at shear rate
of 10s™" and 60 °C
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2013). Additionally, the standard MRF reached steady state
long after the DMREF. In the beginning, it seems like the
spheres rapidly sediment; however, this increases the effec-
tive particle concentration, and as a result, the sedimentation
process is slowed by the interactions of the spheres. The
MREF 2.5 shows the best stability, which is attributed to the
shape of the rods. As discussed in the particle morphology,
the lower amount of magnetite resulted in a higher aspect
ratio for the MRF 2.5. Thus, the rods in that specific sample
should have stronger entropic repulsions which increases
the overall stability. However, it can be assumed that there is
sedimentation under shear which may affect the flow curves,
especially for the lower shear rates (Russel 1980). The sedi-
mentation of colloidal suspensions has been previously stud-
ied rheologically using different techniques showing similar
results (Bazilevskii et al. 2010; Ovarlez et al. 2012). The
same group showed that when fibres are added, there is a
reduction of the sedimentation process similar to our case
(Bazilevsky et al. 2017). From the latter, it can be concluded
that the sedimentation obstacle must be addressed even dur-
ing dynamic conditions for certain MRFs.

Conclusions

Two types of magnetic PPy nanotubes decorated with dif-
ferent amount of magnetite were synthesized using a novel
method. The magnetic properties of these nanotubes are the
highest among their kind and saturate faster than the stand-
ard CI spherical particles. A dimorphic magnetorheological
suspension using microspheres and nanotubes was prepared.
The overall flow behaviour of the dimorphic systems is simi-
lar to a standard MRF; however, the DMRFs showed higher
magneto-induced shear stress increase. Through this study,
it is revealed that faster saturating particles may significantly
enhance the MRF’s behaviour at lower fields. The samples
were also tested at elevated temperatures closer to real appli-
cations. The nanotubular morphology helped the system to
increase its MR effect. In addition, the stability of the fluids
was studied dynamically. Despite the constant rotation of the
geometry, the particles continued to settle. The addition of
the nanotubes severely increased the viability of the MRFs
by more than 50%. To conclude, the magnetic composite
PPy nanotubes/magnetite nanoparticles improved both the
rheological properties of the corresponding standard MRFs
at room and elevated temperatures and their sedimentation
stability.
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