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The paper describes a new type of soft magnetic nanocomposite (SMN) based on a transient network of
wormlike surfactant micelles with embedded oppositely charged submicron particles of magnetite acting
as cross-linking agents. We study the change of the rheological properties of the SMNs with different
contents of particles in response to magnetic field. We show that even at low field strengths the system
acquires solid-like behavior, which can be attributed to the aggregation of particles into chain-like/
column structures. A solid-like behavior appears at a rather small volume fraction of particles (0.002-
0.04) indicating weak restrictions imposed by the matrix to the reorganization of particles under
magnetic field, which can be due to the self-assembled structure of the micellar network. In the
oscillatory rheological measurements, SMNs show a linear viscoelastic response in an unusually wide
region of values of strain, magnetic field strength and content of particles, which is caused by the
viscoelastic contribution of the micellar network. Upon gradual increase of magnetic field strength H, the
dynamic moduli G’ and G” demonstrate slow growth followed by a sharp rise with a scaling law H>° and
reach a plateau at 0.15 T. The highest values of the storage modulus G’ in SMNs are close to those in
magnetorheological fluids with liquid Newtonian carrier, where particles move freely and the G’ value is
defined by the interactions of magnetized particles and chain-like/columns structures. SMNs have a yield
stress, which grows with the increase of magnetic field strength and finally levels off just at the same

magnetic field strength at which the G’ and G” values reach a plateau indicating the saturation of the
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Accepted 16th March 2018 particles magnetization. The concentration dependencies of the elastic modulus and yield stress suggest

the transition from chain-like to columnar structures of the particles. The new SMNs possessing the
features of both magnetic fluids and magnetic gels have promising potential in a wide range of
applications requiring responsiveness to magnetic field.
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Magnetorheological fluids (MRFs) are usually composed of
micron- or submicron-sized magnetic particles dispersed in
a non-magnetisable carrier liquid.*® They demonstrate very fast
transition from a liquid to a nearly solid state, when magnetic

1. Introduction

Smart or adaptive materials attract considerable interest
because of their ability to drastically change their properties

under the action of external stimuli. One of the most attractive
and easily implemented types of smart materials represent
systems responsive to magnetic field that include magneto-
rheological fluids, ferrofluids, magnetoactive elastomers,
magnetic gels etc.' These materials change the mechanical
properties by several orders of magnitude in magnetic fields up
to 1 T. This outstanding feature makes these materials very
promising for applications in mechanical systems that require
the active control of vibrations including shock absorbers,
seismic vibration dampers, control valves, artificial joints and
SO On'3—5,10,11
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field is applied. This behaviour is attributed to magnetization of
the particles resulting in their aggregation due to dipole-dipole
attraction,>® which can lead to the formation of a network of
chain-like particles aggregates spreading throughout the
volume of the fluid. As the interparticle attraction decreases
rather sharply with increasing distance between the particles,
the formation of chain-like structures depends on the concen-
tration of particles (that is on the average distance between
them) and on the value of magnetic field strength determining
the degree of magnetization of the particle (that is its magnetic
dipole moment). During the aggregation, initially the single-
width chain-like structures form and grow in length. Then,
these structures can aggregate laterally building up wider
columns.”” The proposed mechanism of lateral aggregation
involves the coalescence through torque-driven zippering
motion." It was suggested that the coarsening is driven by
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a local variation of the magnetic field around the initial chain-
like structures caused by some topological defects.

Usually, in MRFs, the aggregation of magnetized particles is
observed already at rather small concentrations of particles:
0.1-5 vol%.>**** However, these fluids suffer from some draw-
backs. One of them is the nonlinear rheological response, which
comes out with increasing strain amplitude.'® Another impor-
tant drawback is an insufficient sedimentation stability. Indeed,
usually the magnetic particles of rather large size are used to
provide strong sensitivity to magnetic field. Also, the particles
have much higher density than the carrier fluid. Such big and
heavy particles have tendency to settle. Exacerbating the
problem is that the particles strive to aggregate with each other
in order to reduce the surface energy and sometimes because of
the remnant magnetization. To overcome this problem
different approaches have been proposed including the use of
thixotropic agents,'® viscous' or viscoplastic'®* media. These
approaches change the initial rheological properties and
restrict the mobility of the particles required for structure
formation under the action of magnetic field.

A wide range of linear rheological response and a strongly
improved sedimentation stability can be obtained by using
magnetic elastomers/gels.>**> But in these materials, chemical
network limits considerably the mobility of particles and as
a consequence the magnetic response. To get a significant
magnetic response in this case it is necessary to use a high
amount of particles (above 10 vol%) and fields above 0.1 T.

Recently, a new carrier for magnetic particles based on solu-
tions of entangled wormlike micelles (WLMs) of surfactant was
proposed.® This carrier provides a high sedimentation stability
because the particles incorporate into the transient micellar
network by linking to the energetically unfavourable end-caps of
micellar chains through fusion with the surfactant layer on their
surface. The obtained SMNs do not phase separate during several
months.® In addition to improved sedimentation stability, WLM
solutions can provide some other advantages as a carrier for
magnetic particles. First, being formed by weak non-covalent
interactions the WLMs can be easily reorganized*™° and one
can expect that they will not restrict the mobility of particles
under the action of magnetic field. Second, in oscillatory
measurements, the neat WLM solutions demonstrate a linear
viscoelastic region®**? in a wide range of strain and one can
anticipate that it will remain in the presence of particles. Thus,
the WLM network seems to be promising for the application as
a matrix for magnetic fluid. However, the behaviour of these
systems under magnetic field is almost unstudied.

Thus, the present paper is aimed at the investigation of the
effect of magnetic field on the rheological properties of new
SMNs composed of the solutions of entangled WLMs of
surfactant and submicron-sized magnetite particles. The WLMs
were formed from cationic surfactant erucyl bis-(hydroxyethyl)
methylammonium chloride (EHAC) in the presence of low
molecular weight salt potassium chloride (which is necessary to
obtain long WLMs) and negatively charged 250 nm magnetite
particles. As a result of these studies we demonstrate that in
magnetic field, in addition to their high sedimentation stability
the SMNs possess a broad region of linear viscoelastic response
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and high values of elastic moduli even at rather small volume
fraction of particles (0.002-0.04). The obtained data contribute
to the general understanding of the behaviour of the MRFs and
can have important practical applications taking into account
the valuable properties of the elaborated SMNs.

2. Experimental section
2.1 Materials

The WLMs were prepared from a cationic surfactant EHAC with
a long mono-unsaturated C22 tail CgH;;CH=CHC;,H,,-
N(CH,CH,0H),CH;Cl. The surfactant solution containing
25 wt% 2-propanol was provided by Akzo Nobel. For purification
from 2-propanol the crude EHAC solution was diluted 10 times
with deionized water and then freeze-dried. The absence of 2-
propanol in the obtained EHAC powder was proved by 'H NMR
spectroscopy. Potassium chloride (purity > 99%) from Acros
Organics was used as received. Distilled water was purified by
a Milli-Q system (Millipore).

Submicron particles of magnetite Fe;O, were supplied by
Aldrich. These particles have the average diameter of ca. 250 nm
and the following magnetic characteristics: saturation magne-
tization 100 emu g ', residual magnetization 19 emu g,
coercive force 95 Oe.” They demonstrate a ferrimagnetic
behaviour.'® The sign of the surface charge of magnetite parti-
cles depends on pH: in acidic medium it is positive, in basic
medium it becomes negative as a result of deprotonation of OH
groups.® In the present study, the pH was kept at 11 to provide
strong negative charge of the surface of particles.

SMNs were prepared following the procedure developed by
us previously.® Magnetite powder was added to surfactant
solution and vortexed. Then some quantity of 15 wt% stock
solution of salt was added and the resulting system was stirred
with IKA Ultra-Turrax T25 homogenizer during at least 25 min
at a rate of 5200 rpm. Then the SMNs thus prepared were left
undisturbed for seven days to allow them to release air bubbles.
The volume fraction of magnetite particles was varied from
0.002 to 0.04. The phase separation in the SMNs was examined
by visual observation during 2 months storage at 25 °C.

2.2 Rheological measurements

The rheological properties of the SMNs in magnetic field were
investigated with a commercial rheometer Physica MCR 301
(Anton Paar, Austria). All experiments were run at 20 °C set to
+0.1 °C accuracy by a Peltier temperature control device. The
measuring system geometry was a special nonmagnetic 20 mm
diameter parallel-plate set. The gap thickness between the
plates was 300 pm in all measurements. Since we have chosen
the most used gap thickness for such kind of experiments, it
allowed us to compare quantitatively our results with the
references avoiding the possible influence of the gap thickness
on the viscoelasticity of the samples.***® The magnetic field
from 0.001 T to 1 T was generated in the direction perpendicular
to shear with the magnetic cell of the rheometer. At each
magnetic field strength, the samples were kept in the
measurement cell at least 15 minutes before testing, since

n
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relaxation and reorganization processes in this system require
rather long time because of high viscosity** and long relaxation
time*” of EHAC solutions. The results were repeatable when the
magnetic field strength was elevated either gradually or by high
step changing. The magnetic field produced by the cell has
a weak radial gradient with a pseudo-plateau at medium radial
distance.*® Such weak inhomogeneity of the field has to be taken
into account only in highly concentrated magnetic systems.*® In
the present work, dilute suspensions of particles were used, and
therefore, the field is assumed to be homogeneous. For strain
sweep measurements, the frequency was kept at 1 rad s~ *. For
frequency sweep measurements, the strain amplitude was
picked from linear viscoelastic range. Yield stress was measured
from stress—strain curves obtained in steady-state regime of
applied shear stress.

3. Results and discussion

3.1 Viscoelastic carrier fluid

Viscoelastic transient network of entangled WLMs of EHAC
surfactant was used as effective carrier for submicron magnetite
particles.” The micellar network provides strong viscoelasticity
to the solution: highly viscous response at long-time shear
stress action and gel-like response at the short-time
action.***>3*% Such solutions are promising candidates for
SMN preparation because they have an extremely wide region of
linear viscoelasticity.>»*® For the present study, we used 0.6 wt%
solution of EHAC in the presence of 1.5 wt% potassium chlo-
ride. This solution shows simple Maxwellian viscoelastic
behaviour with a single relaxation time both with and without
magnetite particles as was demonstrated earlier.®*” The relaxa-
tion time 1 determined from the frequency . at the intersec-
tion of G'(w) and G”(w) dependences equals to 90 s for EHAC
solution and 165 s for EHAC solution with 0.3 vol% of particles.

3.2 Linear viscoelastic response

On Fig. 1 storage G’ and loss G” moduli are presented as
a function of frequency of the applied stress at a fixed amplitude
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Fig. 1 Frequency dependence of storage G’ (filled symbols) and loss
G" (open symbols) moduli at a constant strain of 1% and different
magnetic field strengths of 0.02 T (black circles) and of 0.1 T (orange
squares) for the SMN containing 3 vol% magnetite particles and
0.6 wt% EHAC. Solvent: 1.5 wt% aqueous solution of KCL.
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(shear strain) 1% under different magnetic field strengths. It is
seen that in magnetic field, the SMN demonstrates a linear
solid-like behaviour: both moduli are almost independent of
frequency and the storage modulus G’ significantly exceeds the
loss modulus G” within the studied range of frequencies. Note
that in the absence of magnetic field the same sample exhibits
viscoelastic liquid behaviour expressed in viscous liquid
response with G” > G’ at low frequencies and elastic gel-like
response with G > G” and a plateau modulus G, at middle
and high frequencies.” Therefore, the application of magnetic
field induces the transition from liquid-like to solid-like
behaviour. Solid-like rheological response is commonly attrib-
uted to the field-induced magnetization of the suspended
particles*>**** leading to their attraction to each other that
results in the formation of anisometric chain-like aggregates
aligned along the magnetic field lines (Fig. 2), which are
perpendicular to the direction of flow. The longest chain-like
structures spreading from one plate of the measurement cell
to another induce the increase of the storage modulus G/,
whereas shorter structures (so-called “free” strings) contribute
to the loss modulus G”."”

The SMNs in liquid-like state (without field) and in solid-like
state (at quite strong magnetic field) are shown on photos in
Fig. 2. In the absence of the field the SMN flows (left photo),
whereas SMN exposed to the field does not flow, keeps its shape
and stays near the magnet poles (right photo) due to magnetic
forces that induce the formation of chain-like structures of
particles and compel them to locate in higher field area.

From Fig. 1 it is seen that in the present system, the storage
modulus G’ is higher than the loss modulus G” by an order of
magnitude. The observed rheological behaviour of SMNs (Fig. 1)
is quite different from that of classical MRFs based on New-
tonian liquids, where the storage G’ and the loss G moduli are
usually close to each other in medium fields."”*** The high G’/
G" ratio can be related to viscoelastic impact of the matrix -
entangled network of WLMs>**7** that will be discussed further.

A linear solid-like behaviour rather similar to that in SMNs
(Fig. 1) was observed for micron-size carbonyl iron particles
dispersed in highly viscous silicon o0il'” but only at extremely low
strain amplitude 0.01% (100 times lower than in the present
system). Basically, the behaviour of SMNs is more reminiscent
to that often observed in magnetic elastomers/gels demon-
strating a high ratio of storage and loss moduli G'/G"*2*4>4¢
attributed to viscoelasticity of the network matrix. However, in
elastomers, a pronounced increase of the moduli in magnetic
field can be achieved only at high volume fraction of magnetic
particles,'*”*® which is required to form percolated chain-like
structures inside a polymer network despite the restrictions
imposed by the matrix to the mobility and the rearrangements
of embedded particles. By contrast, the SMN under study
provides high moduli G’ and G” at rather small volume fraction
of particles (0.002-0.04), because it is based on “living” self-
assembled matrix, which can be easily reorganized to follow
the displacement of particles induced by the field. Thus, under
magnetic field the SMNs even with rather small content of
particles demonstrate a solid-like behaviour attributed to chain-
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Fig. 2

(Top) Photo on the left represents SMN in liquid-like state (without magnetic field) and photo on the right demonstrates SMN in solid-like

state (under the action of a strong magnetic field). (Bottom) Schematic representation of the variation of particles/WLM network structure with
increasing magnetic field strength corresponding to regions |, Il and Il depicted on Fig. 4. Arrows indicate the direction of the magnetic field lines.

like structures of the magnetized particles and a high G'/G”
ratio related to viscoelastic properties of WLM network.

Fig. 3 shows the evolution of storage G’ and loss G” moduli
with the amplitude of the applied strain. It is seen that at low
strain the both moduli are almost unchanged, which corre-
sponds to linear viscoelasticity regime. At higher strain, the
system deviates from the linear viscoelasticity: the storage
modulus decreases, whereas simultaneously the loss modulus
increases and then passes through maximum. This behaviour is
usually associated with the breakage of chain-like structures of
particles:>*** it reduces the fraction of aggregates attached to
both plates of the measuring cell thus decreasing G, at the
same time it augments the fraction of “free” strings thereby
enhancing the loss modulus G”. The deviations from linear
viscoelasticity are more pronounced at higher strength of
magnetic field (Fig. 3a) and at higher content of magnetic
particles (Fig. 3b) that is in the cases, when stronger chain-like/
column structures are formed. Thick and rigid columns break
even at moderate strain amplitude deformation, thus giving
input to nonlinear viscoelasticity. At the same time, thin and
flexible columns that are formed at lower particles volume
fraction and lower magnetic strength can contribute to linear
viscoelasticity. It should be noted that in the systems under
study the region of linear viscoelasticity is enormously wide
(Fig. 3). For instance, for the sample containing 2 vol% of
magnetite particles (Fig. 3b) the linear viscoelastic response is
observed until a strain of at least 5% at magnetic field as high as
1 T. This property is quite important taking into account that
many magnetorheological devices are exploited under dynamic
conditions in linear viscoelasticity region.** In classic MRFs
representing submicron magnetic particles suspended in
Newtonian non-magnetisable liquid, the viscoelastic response
to oscillating applied stress is mainly nonlinear, whereas the
linear viscoelasticity region is very short being limited to extra
low strain amplitudes (less than 0.01-0.5%) at moderate field
(0.1 T).1e17:21:364950 Ror jnstance, dilute suspension of submicron
magnetite particles in viscous oil shows a linear viscoelasticity
range until as low strain as 0.003%.°® Micron iron particles
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suspended in silicon oil of very high viscosity (0.34 Pa s) also
have rather short linear viscoelasticity region (up to 0.1%).*
This drawback restricts considerably the possibility of

" (a) Effect of magnetic field strength
10"+
10
g 10%4 02T
© 10
O M
10°4 OOOOOOOOOOOOOO 0.02T
107+
10" 10° 10’
Strain (%)
10°4 (b) Effect of the content of particles
LlnAbbLIARRS,
10°4 ~a 4 vol %
;_m‘ Pase AAA
5 10%3 ﬁﬁﬁ%%ﬁﬁﬁﬁA
o 2 2 vol %
1075 N e EEEEEEEEEEaEEEENEEEE ]
10’ . :

10° 10

Strain (%)

10"

Fig. 3 Variation of storage G’ (filled symbols) and loss G” (open
symbols) moduli as a function of strain at constant frequency of 1 rad
s7! (a) for SMN containing 3 vol% magnetite particles and 0.6 wt%
EHAC at different magnetic field strengths of 0.2 T (red diamonds) and
0.02T (blue circles) and (b) for SMNs containing 2 vol% (green squares)
or 4 vol% (black triangles) magnetite particles and 0.6 wt% EHAC at
magnetic field strength of 1 T. Solvent: 1.5 wt% aqueous solution of
KCL.
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utilization of such MRFs in the area, where oscillatory shear
stress is periodically applied, for instance, in damper applica-
tions for vibration control. On the other hand, much longer
linear viscoelasticity region was observed in magnetic polymer
gels,"*>* which was attributed to linear response of the poly-
mer network itself.

A broad range of linear viscoelasticity in SMNs under study
can be provided in a similar way by WLM network. However,
one can expect an additional stabilization effect of WLMs on
chain-like structures of particles. Note that magnetite particles
under study are negatively charged. Therefore, when such
similarly charged particles start to aggregate under the action of
magnetic field, they should overcome the electrostatic repulsion
between them. Oppositely charged surfactant molecules inter-
calating between the particles will eliminate the repulsion®*
thus favouring the growth and stabilization of chain-like
aggregates. Therefore, the SMNs under study possess a wide
region of linear viscoelastic properties, where the storage
modulus is higher than the loss modulus and both of them are
independent of time and amplitude of the harmonic stress. The
observed properties suggest that SMNs are very promising for
numerous magnetorheological applications under dynamic
conditions.

3.3 Dynamic elastic moduli

The evolution of the dynamic moduli G’ and G” with gradual
increase of magnetic field from 0.001 T to 1 T is illustrated on
Fig. 4. It is seen that the graphs for both G’ and G” show quite
similar S-shaped growth curves. On each curve, three different
regions can be distinguished: initial slow growth (region I) fol-
lowed by a sharp rise (region II) and a plateau (region III).

In region I, the moduli only slightly increase with magnetic
field. In this region, the magnetic field is so weak that the
particles are only scarcely magnetized*® and therefore cannot
form elongated aggregates, which could affect the dynamic
moduli. At these conditions, the values of the moduli are
determined by the contribution of viscoelastic WLM network,
and their slight enhancement can be assigned to the restricted
reptation of WLMs arising as a result of the displacement of
particles guided by magnetic field.

When the field strength reaches 0.007 T, the both moduli
start to rise dramatically indicating the transition to region II
(Fig. 4). Such pronounced enhancement of the rheological
properties is due to the formation of chain-like structures,
which becomes possible, when the magnetic forces start to
overcome the network-particles interactions. Note that the
particles embedded into WLM network begin to form the chain-
like structures at quite low field conditions. Comparison with
the literature data®® shows that inside the network the motion of
the particles induced by magnetic forces starts at the same
strength of magnetic field as it would be in low viscous New-
tonian liquid carrier indicating that the WLMs do not restrict
the displacement of the particles. Most probably, this is related
to the ability of WLMs to continuously break and reform at
short timescales** thus making the

relatively easy
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rearrangement of micellar network in response to the relocation
of the particles.

In region II, the increase of G’ and G” with the strength of
magnetic field H proceeds according to the same scaling law: G/
~ H***%2 and " ~ H***%? (Fig. 4). This law is even much
stronger than that predicted theoretically**>** for MRFs: G’ ~
H’. As the theoretical estimates were obtained for single-width
chains, this may indicate the formation of column structures
in our system. An increase of G’ stronger than H> in MRFs with
submicron magnetite was previously observed by de Vicente.>* It
was attributed to the addition of side chains to the single-width
chains of particles. One can suggest that in the present system
the surfactant favours the aggregation of particles into columns.
As discussed above, it may proceed via intercalation of cationic
surfactant molecules between negatively charged magnetite
particles. Also, strong increase of G’ can be provided by visco-
elastic WLM bridges formed between the aggregates of particles
(Fig. 2).

At magnetic field of 0.15 T the moduli G and G” level off
(regime III). This indicates the saturation of the particles
magnetization so that further increase of the field strength does
not affect the chain-like/column structures in the system.*®*
Note that the saturation field strength observed here (0.15 T) is
the same as for submicron magnetite particles in liquid
carrier.*?*** The highest values of the storage modulus G’ are
also comparable to those observed in MRFs with submicron
magnetite particles of the same concentration,’*® but the loss
modulus G” in the present system is much lower than in MRFs.
This indicates to lower dissipation part in the viscoelastic
response of the SMNs in comparison with MRFs, which may be
due to the linking of the particles and their aggregates to
viscoelastic WLM network. Overall, in the present system the
total increase of the moduli G’ and G” induced by the field
exceeds 3 orders of magnitude (Fig. 4). It indicates that at high
field, the viscoelasticity of the SMNs is dominated by the impact
of chain-like/columnar structures formed by the particles, and
the contribution of WLM network is negligible.

The evolution of the viscoelastic properties of the SMNs at
increasing magnetic field was further examined by analysing

111
e0 00 00 G'

oo G"

107 10" 10°

Magnetic field (T)

107

Fig. 4 Effect of magnetic field strength on storage G’ and loss G”
moduli of SMN containing 3 vol% magnetite particles and 0.6 wt%
EHAC. Solvent: 1.5 wt% aqueous solution of KCL.
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the variation of the loss factor G”/G’ data. On the dependence
of the loss factor G”/G’ on the magnetic field strength H (Fig. 5)
one can see two plateaus (at low and at high field strengths,
respectively) with a minimum between them. As was discussed
above, the plateau at low magnetic field (H < 0.007 T) is
determined by the viscoelasticity of WLM network, whereas
the second plateau observed at H > 0.15 T is due to the satu-
ration of particles magnetization. The minimum between the
two plateaus corresponds to the structural transition induced
by magnetic field.

Note that in many magnetorheological soft materials
increasing magnetic field strength leads to the increase of the
loss factor followed by its saturation*®***¢ indicating that the
behaviour of the curve (Fig. 5) at higher magnetic field strength
(H > 0.03 T) is governed by magnetic particles. This allows us to
suggest that the part of the curve at lower magnetic field
strength (H < 0.03 T) corresponds to the dominant impact of
viscoelastic matrix. From Fig. 5 it is seen that in this part, the
enhancement of H from 0.007 to 0.03 T leads to a decrease of the
loss factor G”/G'. Here the both moduli G’ and G” begin to grow
(Fig. 4) due to the formation of chain-like structures of particles,
and the elastic impact prevails over viscous one: G' > G”. As the
aggregates of particles that are formed at this rather low
magnetic field strength H are suggested to be small, one can
suppose that the predominantly elastic response is provided by
WLM chains connected to these aggregates of particles.

At higher magnetic field strength (H > 0.03 T) the magnetic
interactions between the particles become stronger and their
effect on the both moduli G’ and G” start to dominate over the
impact of WLM network. The increase of the loss factor G"/G’ at
H > 0.03 T suggests that more energy is dissipated as a function
of the applied field. This can be attributed to the strengthening
of the aggregates of particles with increasing magnetic field,
which hampers them to follow the oscillating strain.

As to viscoelastic WLM matrix, at strong magnetic field (H >
0.03 T) it is suggested to easily reorganize to accommodate itself to
the restructuration of the particles. The accommodation proceeds
via breaking and reformation of particles/WLM junctions.’ In this

10°;

Gll/Gl

1E-3 0,01 01 1

Magpnetic field (T)

Fig. 5 Effect of magnetic field strength on the loss factor G"/G’ of
SMN containing 3 vol% magnetite particles and 0.6 wt% EHAC. Solvent:
1.5 wt% aqueous solution of KCL.
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reorganized system, the WLMs connect just formed chain-like
structures of particles and built a common network with them
as illustrated in Fig. 2. This peculiarity distinguishes WLM network
from a polymeric one, in which under the action of magnetic field
the polymer chains stretch in order to permit the displacement of
particles linked to them.* This restricts the movement of particles
in the polymeric matrix. By contrast, self-assembled WLMs give
free rein to particles and form a new network accommodating the
new aggregates of particles.

Fig. 6 shows the variation of storage modulus G’ with the
concentration of magnetite particles ¢ under magnetic field of 1 T
corresponding to saturation region. On this plot, one can distin-
guish two power-law dependences: G' ~ ¢***°* (at ¢ < 1 vol%) and
G ~ ¢™'*% (at ¢ > 1 vol%). According to literature data,'®*”" the
change of the power law can be attributed to the transition from
chain-like structures of the magnetic particles to column struc-
tures, when the concentration of particles increases. Close value of
the exponent (2.2 £+ 0.4) in a similar range of concentrations of
particles (0.5-5 vol%) was observed for submicron magnetite
particles suspended in silicon oil containing polyethylene.** From
Fig. 6 it is seen that at high content of particles, the elastic
modulus gets the value of 1.5 kPa, which exceeds the plateau
modulus of the parent WLM network by 3 orders of magnitude.

Thus, the SMNs composed of WLM network with
embedded submicron magnetite particles demonstrate linear
viscoelastic response in unusually wide region of values of
strain, magnetic field strength and content of particles. The
highest values of G’ are mostly consistent with theoretical
predictions for MRF with liquid Newtonian carrier, where
particles move freely and the value of storage modulus G’ is
defined by magnetized particles interactions and chain like/
columns structures thus indicating to weak restrictions
imposed by the WLM matrix, which can be attributed to
“living” nature of micellar network.>*-*°

3.4 Yield stress

The above-described measurements were carried out at low
stress in the pre-yield regime thus providing insight into initial
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Fig. 6 Elastic storage modulus G’ at magnetic field strength of 0.2 T
(red circles) and static yield stress at magnetic field strength of 1 T (blue
circles) as a function of the concentration of magnetite particles in
SMN containing 0.6 wt% EHAC. Solvent: 1.5 wt% aqueous solution of
KCL
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undisturbed structure of the system. Higher stress can disrupt
the structure. The minimum stress required to move the chain-
like structures is called static (or frictional) yield stress. This
yield stress is often associated with the slip of the aggregates
along the measuring plates rather than the breaking of their
chain-like structure under the shear.>** Dependencies of the
shear stress on the shear rate at different magnetic field
strengths are shown on Fig. 7. It is seen that the shear rate starts
to accelerate above a certain stress value, which represents
a static yield stress of the sample t,. Further, we will call it just
yield stress. From Fig. 7 it is evident that the yield stress z,
increases with magnetic field strength, which can be due to
stronger chain-like skeleton of the particles.

The dependence of the yield stress 7, on magnetic field
strength is shown in Fig. 8. It is seen that at low magnetic field
(H < 0.01 T) no yield stress is observed indicating that the
interactions between the particles are too weak to construct
percolated aggregates. The yield stress appears at H = 0.01 T
and grows with further increase of magnetic field strength
according to power law of 7, ~ H****" (Fig. 8), which can be
attributed to the reinforcement of chain-like structures formed
by the particles. Finally, the yield stress levels off just at the
same magnetic field strength at which the G’ and G” values
reach a plateau (¢f Fig. 3 and 8) indicating the saturation of the
particles magnetization. The maximum value of the yield stress
observed here (100 Pa) is comparable to that of MRF with
submicron magnetite particles.”

Fig. 6 presents the dependence of the yield stress 7, on the
concentration of magnetite particles at constant value of
magnetic field H = 1 T corresponding to saturation region. The
dependence consists of two power-laws: 7, ~ ¢***%" and 1, ~
@'3*%2 changing at ¢ = 1 vol%. The first exponent 0.8 is in
good agreement with the linear dependence of the yield stress
on the particles content predicted by Ginder*> and confirmed by
several experimental results for dilute dispersions.**'® At larger
content of particles, the exponent becomes higher - (1.3 & 0.2).
Similar behaviour was observed previously for micron carbonyl
iron'**® and micron magnetite'® in silicone oil. The change of
the concentration dependence of the yield stress at larger

150
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Fig. 7 Shear stress as a function of shear rate at different magnetic
field strengths: 0.04 T (olive squares) and 0.1 T (red circles) for SMN
containing 3 vol% magnetite particles and 0.6 wt% EHAC. Solvent:
1.5 wt% aqueous solution of KCL.
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Fig. 8 Effect of magnetic field strength on the static yield stress t, of
SMN containing 3 vol% magnetite particles and 0.6 wt% EHAC. Solvent:
1.5 wt% aqueous solution of KCL.

content of particles was explained by the transition from chain-
like to column structures of the magnetic particles with
increasing their concentration. Highly compact column struc-
tures restrict the deformation, which results in larger yield
stress values.'®” Note that similar two power-law dependence
on the concentration of magnetic particles was also observed for
the elastic modulus (Fig. 6), and the transition between the two
power law dependences proceeded at the same concentration of
magnetite (1 vol%). Thus, the changeover from chain-like
aggregates to columnar structures at increasing concentration
of aggregating magnetite particles is reflected both on the
evolution of elasticity modulus (measured at pre-yield low
strains) and yield stress (determined at higher strains).

4. Conclusions

In this paper, the viscoelastic properties of SMNs composed of
submicron magnetite particles dispersed in WLM network were
studied under the action of magnetic field at different volume
fraction of particles. It was observed that the SMNs combine
features typical for MRFs based on Newtonian liquid with some
features of magnetorheological elastomers/gels. Similar to
magnetic elastomers/gels SMNs demonstrate a broad range of
linear viscoelasticity and a high ratio of storage and loss moduli
G'/G" attributed to viscoelastic contribution of the network
matrix. At the same time, in contrast to elastomers, the SMNs
provide high moduli G’ and G” at rather small volume fraction
of particles (0.002-0.04), because WLMs do not hinder the field-
induced rearrangement of particles, as it occurs in polymeric
networks. Simultaneously, the elastic modulus G’ and the yield
stress of the SMN gain high values comparable to MRFs, where
particles are located in Newtonian liquid carrier and a network
does not restrict their motion driven by field. This feature is
explained by “living” character of bonds between WLMs and
magnetic particles, which does not hinder the aggregation of
the particles.

A broad region of linear viscoelasticity demonstrated by
SMNs allows one to measure mechanical properties of the SMNs
under oscillating stress thus modelling conditions of the prac-
tical applications of magnetoresponsive smart materials as
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damping and amortization material. Thus, transient network of
entangled WLM is a promising matrix for preparation of SMNs
with prospective mechanical properties suitable for various
implications.
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