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ABSTRACT

Nowadays, a large number of modern technologies employ intelligent materi-
als, which generally change their properties according to the external stimulus
applied. Recently, a new class of intelligent systems with extraordinary
rheological behaviour in an external field has attracted much interest from both
academics and engineers.

The main representatives of such rheologicaly-active field-responsive systems
are Magneto-Rheological (further only MR) and Electro-Rheological (further
only ER) fluids. The rheology of these fluids is very attractive since it can be
controlled by the application of a field - either magnetic or electric. Typically,
MR or ER fluids comprise suspensions of nano/micrometre-sized magnetic or
dielectric particles respectively, dispersed in a suitable carrier liquid. The key
feature of these fluids is their capability to alter viscosity by several orders of
magnitude in milliseconds.

Although MR and ER behaviour was discovered 60 years ago, the first use of
MR and ER fluids in real applications happened in the 1990s owing to progress
in the Chemistry, Physics, Materials Science, and Mechanical and Electrical En-
gineering fields [1, 2]. Currently, MR fluids are mainly used in various systems
in which variable control of the applied damping/force adjustment is required.
Nevertheless, several obstacles - such as particle sedimentation due to density
mismatch between the dispersed magnetic particles and the carrier liquid in MR
fluids; or the low efficiency of ER fluids, still hinder their wider utilisation.

Therefore, the primary focus of this work is to design novel MR/ER fluids
which would not suffer from these drawbacks. Taking into account the differing
requirements of the intelligent fluids studied resulted in the development of two
different approaches. The first part of the presented work deals with Carbonyl
Iron, which, being the most commonly-used dispersed phase in MR, was modi-
fied via Wet (coating with polyaniline) or Dry (plasma treatment) chemical
methods in order to improve its compatibility, with silicone oil used as a carrier
liquid and - thus, to enhance the long-term stability of MR fluids. Furthermore,
the effect of annealing temperature, used for the synthesis of Cobalt Ferrite par-
ticles, on MR behaviour was studied to prepare novel types of dispersed parti-
cles for MR fluids, with controlled magnetic properties. The second part of the
work concentrates on the fabrication of hollow globular clusters of Titanium
Oxide/Polypyrrole particles with a core-shell structure - representing a novel
dispersed phase for ER fluids of improved ER efficiency.

Keywords: Magneto-rheology ¢ Electro-rheology ¢ Carbonyl iron ¢ Cobalt
Ferrite ¢ Titanium Oxide ¢ Polyaniline ¢ Polypyrrole * Core-shell *Plasma treat-



ment * Silicone oil * Sedimentation * Steady Shear * Dynamic Shear measure-
ments



ABSTRAKT

V dnesni dobé je velké mnoZstvi modernich technologii uzce spjato s vyuZi-
vanim inteligentnich materidlii. Obecné u téchto systémi dochazi k pozadované
zméné jedné nebo vice vlastnosti v reakci na vnéjSi stimuly. V posledni dobé
poutd pozornost nejen védecké, ale i praktické oblasti vyuziti nova skupina inte-
ligentnich systémil vykazujici neoby€ejnou zménu svych reologickych vlastnosti
v zavislosti na vnéjSim aplikovaném poli.

Hlavnimi zéstupci téchto systémil aktivné ménicich své reologické chovani
v zavislosti na plisobicim poli jsou magnetoreologické (MR) a elektroreologické
(ER) tekutiny. Jak jiZ nidzev napovida, tyto tekutiny vykazuji velmi zajimavé
reologické chovani, které muize byt kontrolovdano ucinky bud’ magnetického
anebo elektrického pole. MR nebo ER tekutiny lze charakterizovat jako suspen-
ze nano/mikro ¢astic s magnetickymi nebo vyhradné dielektrickymi vlastnostmi
ve vhodné nosné kapalin€. Nejvétsi vyhodou téchto tekutin oproti obvyklym te-
kutindm je jejich schopnost ménit viskozitu v Sirokém rozsahu (n€kolik ¥ada) a
to ve zlomcich milisekundy.

Ackoliv prvni vysvétleni MR a ER chovani byla provedena jiz pted 60 lety,
redlné aplikace MR a ER tekutin na trhu byly moZzné az v devadesatych letech
diky rozvoji chemie, fyziky, materidlovych véd strojniho a elektroinZenyrstvi
[1, 2]. V dnes$ni dobé¢ jsou zejména MR tekutiny s oblibou pouzivdny v riznych
systémech, kde je poZadovano proménné ovladéani tlumeni/piisobici sila. Nicmé-
n¢ jejich SirSimu vyuziti neustdle brani né€kolik prekazek jako sedimentace Castic
v disledku velkého rozdilu hustot mezi dispergovanymi ¢asticemi a nosnou ka-
palinou v MR tekutindch nebo nizka u€innost ER tekutin.

Prvotadd pozornost je tudiZ v této préaci upiena na ndvrh novych MR/ER teku-
tin, u nichZ jsou zminéné nedostatky potlacovany. V zdvislosti na odliSnych po-
Zadavcich studovanych typtl inteligentnich tekutin jsou uplatioviny dva rizné
piistupy. V prvni ¢asti prace bylo karbonyl Zelezo, jakoZto nejpouzivanéjsi dis-
pergovana sloZzka v MR tekutindch, upraveno pomoci mokrych (potaZeni polya-
nilinem) nebo suchych (plasmové opracovani) chemickych metod za ucelem
zvySeni kompatibility se silikonovym olejem pouZzitym jako nosnd kapalina a
tim 1 zvySenim dlouhodobé stability MR tekutin. Kromé toho byl studovan vliv
zihaci teploty pouzité pii vyrobé€ ¢astic kobalt feritu na MR chovani s cilem pfi-
pravit novy typ dispergovanych Céstic s fizenymi magnetickymi vlastnostmi pro
MR tekutiny. V druhé ¢asti prace byly vyrobeny duté kulovité aglomeraty oxidu
titani¢itého s polypyrolem se strukturou jadro-slupka (core-shell) jako novou
dispergovanou fazi pro ER tekutiny s vylepSenou ER ucinnosti.



Klicova slova: Magnetoreologie ® Elektroreologie * Karbonyl Zelezo  Kobalt
ferit » Polyanilin ¢ Polypyrol ¢ Jadro-slupka ¢ Plasmové opracovani ¢ Silikonovy
olej * Sedimentace * Ustdlené smykéani » Oscila¢ni méfeni
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THEORETICAL BACKGROUND

1. Intelligent fluids in static field

Smart systems modifying their fluidity in the external static field stand out as
materials of enormous scientific and applicative interest. Such materials are
polyphasic fluids made up of microparticles dispersed in the carrier fluid and
additives which prevent irreversible aggregation or sedimentation. The mi-
croparticles can be magnetic or exclusively dielectric resulting in two types of
intelligent fluids. The former are called MR fluids (see section 6), while the lat-
ter are referred to as ER fluids (see section 7). The remarkable field-induced
changes in rheological behaviour are driven by dipolar magnetic or dielectric
attractive forces causing the formation of particles into chains aligned in direc-
tion of static magnetic (MR fluid) or electric (ER fluid) field, respectively [3].

2. MR and ER phenomenon

Despite the differences in their composition and properties, the physical phe-
nomenon responsible for the changes in rheological behaviour of MR and ER
fluid called MR and ER effects are quite similar. The MR or ER phenomenon
can be simply demonstrated by means of Scheme 1 showing the intelligent fluid
placed between two electrodes producing either magnetic (expressed in mag-
netic flux density, B) or electric (expressed in electric field strength, E) field. In
the absence of an applied field, the system exhibits Newtonian-like behaviour
and, thus it has the consistency of the oil body with randomly distributed parti-
cles (Scheme 1a). The application of field induces a dipole moment in each sus-
pended particle and, in the first stage, interparticle attractive forces promote the
formation of labyrinthine structures (Scheme 1b) within the system. Further in-
crease in the applied field causes the particles to form columnar structures, par-
allel to the applied field (Scheme 1c). The formed chain-like or columnar struc-
tures restrict the motion of the fluid and, thereby, increase the elastic characteris-
tics of the suspension. For practical applications, the characteristic time of struc-
ture transformation, f, i.e., time of formation or break-up of solid-like structure,
1s an important factor. From practical application point of view this time must be
in the range of 1-10 ms [4]. The use of MR or ER fluids in real systems is based
on the simultaneous application of magnetic or electric field, respectively, and
shear, oscillatory or pressure driven force (Scheme 1d-f). Although the me-
chanical loading evokes rupturing of created internal structure, the field-induced
attractive forces cause “self healing” of particles alignment (see section 3) until
the moment, when hydrodynamic forces overcome the field-induced ones and
material starts to exhibit yielding behaviour. This phenomenon is associated
with a yield stress, 7, (see also section 4.2) of the system, which corresponds to
the minimum energy required to rupture the aggregates [5].
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Scheme 1: Structural changes in MR or ER fluid before (a), and after (b, c) applica-
tion of an external magnetic, B, or electric, E, field, respectively. Further-
more, in simultaneous application of shear force, F, (d), dynamic shear
force driven by angular frequency, ®, (e) and pressure force, F,, (f) on
formed structure. Redrawn from Ref. [6, 7].

3. Microstructure changes of MR or ER fluids

As mentioned earlier, the liquid to solid-like state transition of the system,
which is closely connected with changes of its rheological properties, is attrib-
uted to the formation of chain-like or columnar internal structure of particles in
the presence of external field.

In case of MR fluids the mechanism is based upon the alignment of each par-
ticle with its north magnetic pole facing the north pole of the external magnetic
field and likewise with the south magnetic poles [8]. These particles are then
aligned similarly and in close proximity to each other and, thus the north pole of
one particle will find itself attracted to a nearby particle’s south pole
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(Scheme 2a). Evidently, the highest probability of particles attraction occurs,
when two induced dipoles are situated in the same field stream line; i.e. the an-
gle, &;, between the field direction and particles center-to-center line, Ry, is 0°.
However, when the north pole of one particle is next to the north pole of another
particles; i.e. &; =90 °, the particles will repeal each other (Scheme 2b). Among
these two limiting values of &; the particles will rotate attempting two align their
Rj; and attract each other (Scheme 2c).

In case of ER fluids the mechanism of particles alignment into chain-like or
columnar structures is different compared to MR fluids. Here, the external elec-
tric field induces electric dipoles on each particle due to its interfacial polariza-
tion [9]. Such dipoles are then oriented according to the electric field direction
and positive pole of one particle attracts itself to a nearby negative pole of an-
other particles by electrostatic forces. Hence, the polarization rate, i.e. polariza-
bility, Ag’, of dispersed particles is assumed to be the most important factor in
generating of noticeable liquid to solid-like state transition [10].

(a) (b) (c) (d)

Scheme 2: Magnetostatic interactions between particles dipoles in a magnetic field
(B). Dipoles aligned with the field attract each other (a), dipoles with their
line-of-centers; i.e. angle O; between the field direction and center-to-
center line Ry, normal to the field repeal each other (b), while other 0,
produces a torque attempting to align the R; with the field. Attraction of
two rotating ruptured chains (d). Redrawn from Ref. [7, 11]

As mentioned in previous section, the chain-like structure rupturing in the si-
multaneous application of the force and external static field has a self healing
ability. This can be explained by the existence of torque which makes the sepa-
rated chains to rotate. Well before shifting enough (by strong hydrodynamic
forces) these two chains connect end by end (Scheme 2d). After two particles of
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each chain have joined the coalescence occurs [11]. All the illustrated changes
happen in milliseconds and, once the external field is removed, the structure rap-
idly disappears under flow and the system immediately returns to its liquid char-
acter [12].

4. Rheological properties

If the particles interaction energy in MR or ER fluids is higher compared to
thermal energy, the particle chains become rigid [13]. Just this feature evokes
practical interest of intelligent materials for applied science. Structures made up
in the whole volume of MR or ER fluid exposed to static external field lead to
losses of fluidity at stresses lower than the strength of the structure and system
becomes a viscoplastic medium with yield stress corresponding to the strength
of particle structure [14].

Out of doubt it is necessary to use standard methods and characteristics for
evaluation of internal structure properties. Therefore, rheological parameters as
shear stress, shear viscosity or yield stress in steady shear and/or storage and
loss moduli or complex viscosity in oscillatory mode are employed in MR and
ER fluids investigation.

4.1 Steady shear

In the absence of external field, MR or ER suspensions exhibit nearly Newto-
nian character in steady shear flow [15] and, hence can be expressed by Eq. 1:

T=m-7 (D)

Shear stress, 7, is linearly proportional to the shear rate, . The shear viscos-

ity, 717, does not depend on ¥ but only on the particles volume fraction, @. Vis-

cosity of concentrated suspensions containing even anisotropic and polydis-
persed particles [16] can be calculated according to Eq. 2:

n=1[1+0.75/ (Opax | @— DT 2)

where 77, 1s the viscosity of Newtonian liquid and @,,,, the maximal particle
fraction (at maximum packing).

Application of field results in drastic changes of rheological properties, i.e.
system changes from a purely viscous liquid to a viscoplastic medium (Fig-
ure 1).

12
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Figure 1: Double-logarithmic plot of the shear stress, t, (a) and shear viscosity, 1, (b)
vs. shear rate, y, for typical MR suspension of carbonyl iron particles
coated with polyaniline in silicone oil under various magnetic flux densi-
ties, B [mT]: (A) 0, (O) 50, (V) 95, (O) 145, (») 192, (<) 290. Dash
lines are fits of Herschel-Bulkley model (Eq. 4). Based on data from Ref.
[17]

The efficiency of a magneto or electro-sensitive fluid is firstly judged through
its yield stress, 7, which measures the strength of the structure formed by the
application of the field. Then, for stresses 7 > 7, the viscoplastic body is gradu-
ally brought to the fluid phase. Bingham plastic constitutive model has been
widely used for predictions of system behaviour [18, 19]:

T=To+ M, 7 3)
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Actually, the Bingham model is not applicable, when MR or ER fluids exhibit
shear thinning in the post-yield region. Herschel Bulkley fluid model theoreti-
cally and experimentally demonstrated successful evaluation of non-Newtonian
MR or ER fluids behaviour above the yield stress [13, 20]:

T=Ty+M, 7" 4)

where 7, s the plastic viscosity of the suspension in both models (Eq. 3, 4)
and n is the Herschel-Bulkley index.

Generally, there are two types of yield stress according to the experimental
setup, namely dynamic yield stress and static yield stress [21, 22]. The former is
obtained in control shear rate (CSR) mode, in which a shear rate is applied to the
material and shear stress required to make material flow is measured. Then, the
dynamic yield stress is obtained by extrapolation of shear stress curve to zero
shear rate. On the other hand, the static yield stress is produced in control shear
stress (CSS) mode, in which the necessary stress for initiation of shear flow of
material originally been at rest is determined [23]. Thus, the static yield stress is
more predictive value about the structure strength [24].

4.2 Viscoelastic measurements

MR or ER materials having Bingham plastic behaviour under a superimposed
external magnetic or electric field can be successfully described as viscoelastic
system in the range of small strains of oscillatory flow. In some applications,
e.g. vibrating damping [25], such characterization is even more realistic than via
the yield stress. In contrast to the steady shear flow experiment, the internal
structure is only deformed and not destroyed. Since this deformation is dynamic,
the obtained shear modulus is complex quantity:

G*=G'+iG" &)

where the real part, G', is storage modulus (elastic portion), and imaginary
part, G", is loss modulus (viscous portion). In the interest of real applications,
there is important to know angular frequency dependence of G’ and G” in the
linear viscoelastic region (LVR); i.e. at strain amplitude in which the structure of
the MR or ER fluid is basically undisturbed [26]. Generally, G"is higher at low
concentration or approximately the same as G’ at high concentration of particles
in suspension in the absence of an external field. However, when the field is ap-
plied; i.e. the fluid undergoes liquid to solid-like state transition, both viscoelas-
tic moduli abruptly increase and especially G’ starts to dominate over G" at-
taining several decimal orders of magnitude [14]. A typical example is shown in
Fig. 2 for MR fluids of variously large magnetic particles. While the intensity of
magnetic field gradually increases, G' grows up which is an evidence of stiffer
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structure development. Nevertheless, the increase is particles size dependent (for
more details see section 5.3).

10° o — — —=

10-1 1 " 1 N 1
0 100 200 300
B[mT]

Figure 2: Magnetorheological effect: influence of magnetic field on storage modulus,
G', of suspensions based on 35 nm CoFe;O4 (®), 3.5 um (A), and 9 um
(M) carbonyl iron particles at angular frequency o= 0.92 rad-s ~ and
strain amplitude y = 2-107. Based on data from Ref. [17, 27]

5. Important factors influencing the MR or ER effect

It is worth also noting, that the main parameters characterizing the efficiency
of MR or ER systems such as yield stress and storage modulus are strongly de-
pendent on many factors, among others, on the external field strength, the work-
ing temperature and particles concentration, size, particles size distribution, and
shape, as described below.

5.1 External field strength

The external field strength is a key factor for efficient MR or ER fluid; since,
until certain critical field strength, the higher the field is the more compact and
stiffer chains or columns are created. The critical field strength is not strictly
given quantity for all MR or ER fluids, but depends on many variables such as
dispersed phase and/or carrier liquid properties, concentration or temperature
influencing the particles coalescence mechanism [6].

In case of ER fluids, the yield stress as one of the critical evaluation parame-
ters of the ER performance changes its electric field dependency just at the criti-
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cal electric field strength, E- [28]. Below this value, the predicted ER mecha-
nism is polarization model [7, 29] and, generally, 7, scales E*. On the other
hand, above the Ec, the proposed ER mechanism is conductivity model [30, 31]
and 7p~ E,

If using the analogy between linear electrostatic and magnetostatic, it seems,
that models developed for ER fluids can be modified to treat MR fluids. How-
ever, these models fail to treat the nonlinearity inherent in all magnetic materials
[32]. The magnetization, M, in such materials does not increase indefinitely with
increasing applied field, but rather it saturates at the saturation magnetization,
M, [33]. In MR fluids, local saturation magnetization of dispersed particles de-
termines the field dependence of the yield stress and shear modulus over a wide
range of applied external magnetic fields. There have been used a numerous fi-
nite-element techniques [34] and analytical approximations [35] for the calcula-
tion of the field distribution in magnetizable particles chains (Scheme 3). These
calculations revealed that magnetic nonlinearity and saturation have a significant
impact on the field dependence of the yield stress and shear moduli of MR flu-
ids.

Scheme 3: Magnetic flux lines in an idealized particle chain obtained by finite-
element analysis. Adopted from Ref. [36]

Only at low applied fields, 7 and G’ increase, as expected from linear mag-
netostatics, with B*. For higher applied fields, the contact regions of each parti-
cle are saturated (Scheme 3) and 7 = B** while G’ scales linearly with B. At
high fields, the particles saturate completely, and 7z and G'scale with M [32].

16



It is necessary to distinguish here the real values of yield stresses of MR or
ER fluids in magnetic or electric field used in commercial applications. Gener-
ally, it is possible to obtain yield stresses close to 100 kPa for common MR flu-
ids whereas 10 kPa only for special types of ER fluid [37]. The detailed discus-
sion about composition will be given in section 6 for MR fluids and in section 7
for ER fluids, respectively.

5.2 Temperature

The temperature variation basically influences both dispersed phase and car-
rier liquid properties. The former case is especially important in ER fluids,
where increase in temperature changes dielectric properties and particle conduc-
tivity resulting in higher polarizability and better internal structure development
[6, 38]. The magnetic properties of particles used in MR fluids are not so tem-
perature sensitive in working temperature range of — 30 to 120 °C. On the other
hand, increased temperature evokes higher Brownian motion counteracting the
chain formation and, thus, the final influence of temperature on dispersed phase
depends on the ratio of these two contributions.

As mentioned above, the properties of liquid continuum are affected by tem-
perature as well. Generally, with increasing temperature the medium viscosity
decreases and dispersed particles form chain-like structures much easier. How-
ever, the thermal stability of the system and Brownian motion have to be con-
sidered again.

5.3 Particles concentration, size, particle size distribution, shape

MR or ER effect is also strongly affected by concentration of dispersed parti-
cles, their size, particle size distribution and shape. In each system, there exists
an optimum in volume fraction of field-responsible particles. Basically, this ratio
ranges from 15 to 40 vol.% for both types of systems [3, 39]. In the presence of
external field applied to the system below the minimal concentration only weak
internal structure is formed. The MR or ER effect increases significantly with
particles concentration. Nevertheless, the particles mobility is reasonably inhib-
ited and field-off viscosity increased above the maximal concentration which,
subsequently, decreases MR or ER efficiency.

Particles should be generally large enough that attraction forces can overcome
Brownian motion and small enough in order to prevent sedimentation [40].
From more detailed point of view, particles in MR fluids should be rather larger
in the range of 1 — 10 um due to sufficient intrinsic magnetic properties as
shown in Figure 2. The problem of sedimentation within the systems having
bigger particles in the mentioned range can be eliminated using bimodal parti-
cles, i.e. one fraction in nanometre and the other one in micrometer range [41,
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42]. On the other hand, recent studies in ER fluids proved that reasonably higher
ER effect is achieved with nanometre-sized particles due to their much higher
surface area reflecting in higher surface polarization [43].

The effect of particles shape on the generation of higher MR or ER effect is
more reasonable in systems with lower concentration and/or lower external field
strengths applied. In principle, particles having their major axis aligned with the
external field, i.e. rod-like particles, will have greater induced moment and, con-
sequently, stiffer internal structure formed compared to their spherical analogues
[40, 44, 45].

6. Materials used for MR systems

MR fluids are generally two-phase systems, in which micrometer-sized ferro-
or ferrimagnetic multi-domain particles are suspended in a variety of carrier lig-
uids like silicone or mineral oils [8]. It is worth to mention here, that MR fluids
differ from so called ferrofluids which contain nanometre-sized magnetizable
particles. An acceptable MR fluid is characterized by low initial viscosity, high
7y in external field applied, negligible temperature dependence, and high stabil-
ity [46, 47]. The significant difference between dispersed particles density and
carrier liquid density however makes MR fluids susceptible to long-term separa-
tion [17, 48]. Thus, additives such as thixotropic agents [49] or surfactants [50]
are used to inhibit sedimentation and particles agglomeration.

More details about general description of MR fluids are available from re-
views in Refs. [37, 51, 52].

6.1 Dispersed phase

The dispersed phase is the most important component in MR fluids. The
strength of induced magnetic dipoles in particles and, consequently, the stiffness
of formed internal structure markedly depend on magnetic properties of dis-
persed particles such as high Mg and low coercive magnetic force, Hc. Systems
with very low Hc are called magnetically soft materials and are characterized by
their high permeability resulting in easy magnetization by relatively low-
strength magnetic fields. Moreover, when the applied field is removed, they re-
turn to the state of relatively low residual magnetism [33]. The magnetic materi-
als which satisfy the above mentioned requirements and have size of 1 — 10 um
are some ferro- or ferrimagnetic materials (Scheme 4).
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(b)

(d)

Scheme 4: Magnetic domain structure of ferro- (a), ferrimagnetic (b) material in the
absence of external field, and ferro- (c), ferrimagnetic (d) material in the
presence of external field. Redrawn from Ref. [33]

Since the number of magnetizable elements and alloys is limited, the choice
for MR dispersed phase is much more limited than for ER fluids [52]. The ele-
ment with highest Mg is iron (1yMs = 2.1 Tesla) [47]. Thus, iron, especially that
made by chemical vapour deposition (CVD) technique from iron pentacarbonyl
precursors and known as carbonyl iron (CI), is the most used material as a dis-
persed phase in MR fluids. The iron particles prepared by CVD technique are
preferred as opposed to, for example, those prepared by using the electrolytic or
spray atomization process due to their chemical purity, optimal size and spheri-
cal shape [3]. CI was firstly used by Rabinow [53] and later on by many other
teams [3, 48, 54-56]. The MR efficiency of these fluids in the loading of
30 vol.% is typically 50 kPa in applicative fields [11].

Alloys of iron and cobalt can be ranged among other candidates as a dispersed
phase in MR fluids. Although such systems have pyMs = 2.43 Tesla [47], they
posses lower magnetic permeability than CI particles. It means that the theoreti-
cal yield stress of 48 kPa for MR fluids based on iron-cobalt alloys [57] can not
be reach at magnetic field strengths normally used in real devices. Furthermore,
there exist many other materials used as dispersed phase in MR fluids including
iron oxides like magnetite [58, 59] or ceramic ferrites [3] which, however, ex-
hibit relatively low MR efficiency compared to previously mentioned variants.

Unfortunately, large size of magnetic particles constitutes the origin of some
limitations to practical applications of MR fluids. The density of iron
(p=7.87 g cm™) is much higher than that of carrier liquid (p~ 1 g cm™) result-
ing in the instability of the fluid caused by the particles sedimentation. More-
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over, once the dispersed phase is settled, the poor redispersibility due to an irre-
versible aggregation can occur [40]. Many concepts for obtaining a stable dis-
persion of magnetic particles in carrier liquid have already been established. One
strategy, for example, deals with addition of gel forming or thixotropic additives
[49, 60]. Another idea is based on the use of two types of stabilisers: sedimenta-
tion stabilisers, which prevent the particles from settling, and agglomerative sta-
bilisers preventing the ferromagnetic particles from sticking together [46, 51].
However, the low shear viscosity without magnetic field after such stabilization
is often not maintained. Recently, the core-shell structuralized particles with
magnetic material as a core and polymer as a shell has been used [48, 55, 61].
The polymeric layer does not only reduce the total density of particle, but, par-
ticularly, improve the compatibility between hydrophobic carrier liquid and hy-
drophilic iron particle dispersed [58, 62]. Moreover, the coating protects iron
particles against corrosion [63].

In summary, further studies should be made in the task of long-term stability
of MR fluids rather than in increasing the yield stress which have already
reached sufficient values for practical utilization of these intelligent systems.

6.2 Carrier liquid

The carrier liquid of MR fluid is basically selected based upon its rheological
and tribological properties, chemical and temperature stability, and price. Much
greater freedom is possible in selecting carrier liquid for MR fluid, since the di-
electric properties of the suspending fluid, necessary in ER fluid, do not influ-
ence the MR effect [64]. By reason of large density mismatch between carrier
liquid and dispersed phase, the surfactants or/and dielectric nano/microparticles
are frequently added for the prevention of sedimentation of magnetic particles
[3]. Typically, silicone [17], mineral [65] oils, glycol [66] or water [67], which
is not suitable for ER fluids, are widely used as carrier liquid in MR fluids.

7. Materials used for ER systems

ER fluids are typically composed of non-conducting or semiconducting parti-
cles dispersed in a non-conducting carrier liquid in loading between 5 to
50 vol.%. In contrast to MR fluids, in ER systems dielectric breakdown occurs
long before saturation mechanism is reached and, thus, the achieved yield
stresses are typically two orders of magnitude lower than yield stresses reached
in MR fluids [51]. However, an expressive progress have been done since their
discovery by Winslow in 1947 [68]. Firstly, the systems were based on materials
such as silica particles [69], starch [68], or crystalline cellulose [70]. Neverthe-
less, these materials contain a small amount of water to be ER active which was
connected with several drawbacks as high leaking current, narrow working tem-
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perature range, and devices corrosion. To overcome these limitations, water-free
ER systems have been developed later [71] and are discussed below.

7.1 Dispersed phase

In contrast to MR fluids, the choice of materials suitable for dispersed phase
is much wider in ER systems. Particles polarization plays crucial role in effi-
ciency of ER fluids. Required polarization can be obtained in various types of
materials.

First variant of dispersed phase consists in the use of inorganic materials like
titanium oxide (TiO,) [72], talc [73] or zeolite [74]. The main advantage of these
materials over others is their high particles polarization, which even totally
changes previous concepts on the ER mechanism. Together with nanometre
scale of particles and the use of surfactants enable to reach yield stresses compa-
rable to common MR fluids [43, 75]. Unfortunately, high abrasion and particles
sedimentation decline the above mentioned benefit of inorganic materials.

Second type of materials used as ER fluids dispersed phase are conducting
polymers. Chemical structure of polypyrrole (PPy) [76], polyaniline (PANI)
[77] or poly(p-phenylene) [78] is formed by conjugated system of o and 7z bonds
which together with charge carriers enable to obtain conductive material. By
using polymers as a dispersed phase in ER fluids, there is no sedimentation, but
the loading of dispersed phase in the system is limited. Interestingly, the use of
inorganic material as a core and conducting polymer as a shell in the core-shell
structure is a new way in the designing of efficient ER fluids with low sedimen-
tation and improved compatibility with continuum liquid [79-81]. Hence, dis-
persed phase particles based on core-shell structures are promising challenge for
efficient ER fluids in the future.

Third possible materials as a dispersed phase in ER fluids are either immis-
cible or miscible liquids in the insulating oil which, as a consequence, also solve
the problem of sedimentation. However, high field-off viscosity and weak ER
efficiency belong to limitations of such systems. Liquid-crystalline materials can
be ranged into this group [82, 83].

7.2 Carrier liquid

The choice of carrier liquid for ER systems is more restricted than in their
MR counterparts. Along with properties inherent to MR fluids such as low vis-
cosity, wide temperature range, high chemical stability and low toxicity; the ER
carried liquids should have low relative permittivity, high electric breakdown
strength, and low conductivity. Thus, various types of oils such as silicone [76],
mineral [84], transformer [85] or kerosene [86] can be use as carrier liquid for
ER fluids.
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AIMS OF THE DOCTORAL STUDY

The main goal of the doctoral study is to synthesise and evaluate MR or ER
properties of novel particles used as a dispersed phase in MR or ER fluids.

In case of MR fluids, various techniques for synthesis of core-shell particles
including wet or dry methods are employed. Here, CI particles are used as a
magnetic core and polymeric (PANI or fluoropolymer) layer as a shell. More-
over, the influence of annealing temperature on the magnetic properties of cobalt
ferrite particles as alternative dispersed phase in MR fluids is also studied.

In case of ER fluids, the attention is paid to the synthesis of hollow globular
clusters of titanium oxide/polypyrrole (TiO,/PPy) core-shell structured particles.
Elucidation of relation between ER efficiency and the structure of particles via
rheological measurements and dielectric spectra analysis is performed.
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SUMMARY OF THE PAPERS

In the following, short summaries and major results presented in Papers [ to V
are given. This chapter is divided into three parts corresponding to the main
aims of the thesis.

8. Improved long-term stability of magnetorheological fluids

To analyze the effect of polymeric coating on long-term stability of magne-
torheological (MR) fluids, the carbonyl iron (CI) was encapsulated with polyani-
line (PANI) by using PANI colloidal dispersion in chloroform in Paper I
“Rheological properties of magnetorheological suspensions based on core-
shell structured polyaniline-coated carbonyl iron particles” (Figure 3) to ob-
tain core-shell particles.

Figure 3: SEM images of CI (a) and CI/PANI core-shell (b) particles.

Vibrating sample magnetometry experiments revealed almost unchanged
magnetic properties of PANI-coated CI. With a view to subsequent measure-
ments, CI particles coated with PANI were suspended in silicone oil. MR prop-
erties of such fluids were investigated by steady and oscillatory shear experi-
ments. Core-shell particles based MR fluids showed typical MR behaviour un-
der the applied magnetic field following the characteristic % o B **~* correla-
tion. The results further revealed that polymeric coating positively affects the
mutual compatibility between dispersed particles and silicone oil resulting in
lower field-off viscosity in the absence of magnetic field. Thus, relative increase
in viscosity, e = (7v — 170)/ 1o, indicating MR efficiency was higher (Figure 4).
Moreover, the improved mutual compatibility and reduced density of dispersed
core-shell particles made particles sedimentation significantly lower.
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Figure 4: The dependence of MR efficiency, e, on the shear rate, y, for 60 (A, A)
and 80 (O, @) wt.% suspensions of mere CI (open symbols) and CI/PANI

core-shell particles (solid symbols) in silicone oil. Calculated for magnetic
flux density of 0 and 308 mT.

Paper II “Plasma-treated carbonyl iron particles as a dispersed phase in
magnetorheological fluids” deals with the MR performance of core-shell par-
ticles prepared via innovative plasma enhanced chemical vapour deposition of
fluoropolymer formed from octafluorocyclobutane onto CI particles. The suc-
cessful coating was proved by X-ray photoelectron spectroscopy. The composi-
tion of surface layer and, consequently, the MR performance of prepared parti-
cles varied with the time of treatment in the plasma reactor as can be seen in
Figure 5.

Compared to MR fluid based on mere CI, plasma-treated core-shell struc-
tured CI particles based MR fluids show enhanced sedimentation stability
probably due to the interaction forces between fluorine bonded on particle sur-
face and methyl groups of silicone oil used as a carrier liquid (Figure 6). The
time of treatment in the plasma has also significantly influenced the sedimenta-
tion stability of MR fluids. Thus, MR fluid of particles treated for 60 s exhibits
the best stability due to the presence of higher total concentration of atoms with
electronegative nature, i.e. fluorine, oxygen and nitrogen, in the surface layer
than in the case of particles treated for 120 s. This is supposedly caused by
etching phenomenon which occurs and removes the surface atoms along with
the functionalized groups at higher treatment times.
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Figure 5: Flow curves of 80 wt.% MR fluids based on Cl/fluoropolymer particles ob-
tained from the plasma treatment of CI particles for 60 s (open symbols)
and 120 s (solid symbols) under various magnetic fields applied.
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Figure 6: Sedimentation ratio vs. time for MR fluids based of mere CI (A: B), core-
shell Cl/fluoropolymer particles treated in the plasma for 60 s (B: A), and
120 5 (C: V). Inset: results of the sedimentation after 24 hrs.
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9. Controlling of magnetic properties of particles

The possibility to control magnetic properties of cobalt ferrite particles via
their annealing at different temperatures after the sol-gel synthesis is presented
in Paper III “The role of particles annealing temperature on magnetor-
heological effect”’. The X-ray diffraction analysis and vibrating sample magne-
tometry revealed that finite crystallite size of spinel cobalt ferrite particles and,
consequently, magnetization saturation increased with increasing annealing
temperature due to more proper magnetic domain development. Attention has
also been paid to the analysis of the effect of particles annealing temperature

on their MR behaviour.
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Figure 7: Storage modulus, G', dependence on magnetic flux density, B, at the angu-
lar frequency w = 0.92 rad s for MR suspensions (40 wt.%) of cobalt fer-
rite particles annealed at 400 °C (A ), 850 °C (@), and 1000 °C (V) dis-

persed in silicone oil.

MR performance, dynamic yield stress, as well as storage modulus were
chosen as suitable criterions for this purpose. It was found that the intensity of
MR effect of variously annealed cobalt ferrite particles based MR fluids in-

creased with increasing annealing temperature (Figure 7).
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10. Improved ER efficiency

Electrorheological characteristics of novel hollow globular clusters of
TiO,/PPy with core-shell structure are described in Paper IV “Electror-
heological properties of suspensions of hollow globular titanium ox-
ide/polypyrrole particles”. Mere TiO, particles were prepared via solvother-
mal synthesis and subsequently encapsulated by PPy layer. The structure and
morphology (Figure 8) were characterized by X-ray diffraction analysis and
scanning electron microscopy, respectively. Further, mere TiO, and PPy-
modified particles were used as dispersed phase in silicone oil suspensions for
ER investigation.

Figure 8: SEM images of TiO, (a) and TiO,/PPy (b) hollow globular clusters.

While the ER activity of mere TiO, was low, the PPy coating of these hol-
low globular clusters improved the compatibility of dispersed particles and sili-
cone oil and increased ER efficiency of the system considerably. Moreover, in
contrast to maximum possible concentration of about 10 wt.% of mere TiO,,
25 wt.% suspension of PPy-modified particles with low field-off viscosity
could be prepared. Oscillatory shear experiment within the linear viscoelastic
region further revealed that G' of core-shell structured particles based ER fluid
increased around 2.5 orders of magnitude after the application of electric field
(E=3kV mm") compared to its initial value due to strong particles polariza-
tion. These observations were well interpreted by dielectric spectra analysis
(Figure 9); the particles polarizability determining the dynamical response of a
bound system to external electric fields, Ae' = & — €', considerably increased
by coating of TiO, particles with PPy and also the relaxations times were
shorter in case of core-shell structured particles since the maximum of dielec-
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tric loss factor, &, was shifted to higher frequencies, which is positive for ER
efficiency.

0 AV,
102 10" 10° 10" 10° 10° 10* 10° 10° 10’
f[HZz]

Figure 9: Relative permittivity, &', (a) and dielectric loss factor, £”, (b) as a function
of the frequency, f, for 5wt.% TiO, hollow globular clusters (O), and
TiOy/PPy (A ) particles ER fluids.

The object of aim in Paper V “Synthesis and electrorheology of rod-like
TiO, particles prepared via microwave-assisted molten-salt method” is the
synthesis and ER characterization of TiO, rod-like particles. A novel micro-
wave-assisted molten-salt synthesis was employed for the preparation of these
particles. This technique brings benefits in the use of low-melting salts which
accelerate diffusion and thus formation of required structure and shortened re-
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action time due to the incorporation of microwave heating which uniformly
heats the system and make the reaction faster compared to conventional proc-
esses. The X-ray diffraction analysis confirmed the transformation from ana-
tase crystalline phase of starting TiO, nanopowder into rutile of prepared TiO,
particles while the scanning electron microscopy depicted their rod-like mor-
phology. Rod-like TiO, particles were subsequently adopted as a dispersed
phase of novel ER fluid and its ER performance was compared to that of start-
ing TiO, particle based ER fluid (Figure 10). The dielectric spectra analysis
confirmed higher ER activity of rod-like particles since these have higher inter-
facial polarizability and shorter relaxation time probably due to the one dimen-
sional structure. The results further revealed that shear stress at very low shear
rate, 7c, i.e. close to the yield stress, scales with the electric field, E, according
to 7c=gq - E“ which corresponds very well to assumption from polarization
model (a = 2). Finally, the ER efficiency increased with the particle concentra-
tion. The maximal concentration for which the ER efficiency will attain a
maximum, e, was still not reached. Comparing these results with those ob-
tained for ER fluids consisted of spherical TiO, particles, it is evident, that rod-
like particles possess higher ER efficiency probably due to lower field-off vis-
cosity given by one dimensional character of particles.
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Figure 10: The dependence of the shear stress, t, vs. shear rate, 7, for 15 wt.% ER
fluid of starting anatase TiO, (®, O) and prepared rutile TiO, rod-like

(A, A) particles in silicone oil. The electric field strengths (kV-mm™):
0(0,A),3(®, A).
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CONTRIBUTIONS TO THE SCIENCE AND PRACTICE

The presented doctoral thesis deals with intelligent fluids, namely MR and
ER phenomenon — basic mechanisms of these effects, role of various factors
and materials on the MR and ER performance. However, the main attention is
focused on the elimination of drawbacks of particular systems such as low
sedimentation stability in case of MR fluids and weak ER efficiency of com-
mon ER fluids. All measurements have been carried out in accordance with
MR and ER standards enabling the comparison of obtained results with litera-
ture. The benefits of current study to the scientific world are as follows:

o The use of core-shell structured particles with magnetic agent as a
core and polymer layer as a shell improves the sedimentation stability
of MR fluids compared to mere magnetic particles based systems.

o Mutual compatibility between core-shell particles and silicone oil
used as a carrier liquid positively influences a relative increase in MR
effect.

o The magnetic properties of cobalt ferrite particles, and subsequently
MR performance, can be tailored during their synthesis via annealing
temperature used.

o ER fluids based on core-shell structured composite particles with hol-
low globular clusters of titanium oxide as a core material and shell
from conducting polymer polypyrrole show optimal dielectric proper-
ties resulting in high interfacial polarization and considerably higher
ER performance than uncoated titanium oxide particles based system.

o One dimensional rod-like titanium oxide particles prepared via simple
and rapid microwave-assisted molten-salt method exhibit much higher
ER effect than common ER fluids consisted of spherical titanium ox-
ide particles.

o Most of obtained results were already published and provide a new
knowledge in research of intelligent MR and ER fluids.
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LIST OF SYMBOLS AND ACRONYMS

B [T] magnetic flux density
CI carbonyl iron
CSS control shear stress mode
CSR control shear rate mode
CVD chemical vapour deposition
e [-] MR or ER efficiency
E [kV mm™] electric field strength
Ec [kV mm™] critical electric field strength
ER electrorheological

[Hz] frequency
F, [N] pressure force
F [N] shear force
G’ [Pa] storage modulus
G" [Pa] loss modulus
LVR linear viscoelastic region
M [A m'] magnetization
M [Am'] saturation magnetization
MR magnetorheological
n Herschel-Bulkley index
PANI polyaniline
PPy polypyrrole
R;; particles center-to-center line
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o
v
o1

Ho

7

[vol.%]

[vol.%]

[s7']
[Pa s]
[Pa s]
[Pa s]
[Pa s]
[N A7

[°]

[g em™]
[Pa]
[Pa]

[rad s7']

structure changing time
polarizability

dielectric loss factor

static relative permittivity

high frequency relative permittivity
volume fraction

maximum particle fraction (at maximum packing)
strain amplitude

shear rate

shear viscosity

shear viscosity of Newtonian liquid
shear viscosity in magnetic field
plastic viscosity

magnetic permeability of vacuum

angle between the field direction and particles center-

to-center line
density

shear stress
yield stress

angular frequency
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Abstract

The sedimentation caused by the high density of suspended particles used in
magnetorheological fluids is a significant obstacle for their wider application. In the present
paper, core—shell structured carbonyl iron—polyaniline particles in silicone oil were used as a
magnetorheological suspension with enhanced dispersion stability. Bare carbonyl iron particles
were suspended in silicone oil to create model magnetorheological suspensions of different
loading. For a magnetorheological suspension of polyaniline-coated particles the results show a
decrease in the base viscosity. Moreover, the polyaniline coating has a negligible influence on
the MR properties under an external magnetic field B. The change in the viscoelastic properties
of magnetorheological suspensions in the small-strain oscillatory shear flow as a function of the
strain amplitude, the frequency and the magnetic flux density was also investigated.

1. Introduction

Magnetorheological fluid (MRF) is a suspension consisting
of solid micrometer-sized magnetically polarizable particles
dispersed in a non-magnetic carrier liquid such as mineral
oil, which reversibly transforms from a liquid to a solid-
like structure under an applied magnetic field in milliseconds.
The transformation between these two states is due to the
formation of chain clusters in the direction of the exerted
external field, which has a consequence in changes of the
rheological properties, such as the increase of the apparent
yield stress and the shear viscosity [1, 2]. The importance of
MRFs has considerably increased in the last 15 years. This
is caused by the continuous growth of concrete applications
utilizing these smart materials in many areas like damping
systems [3], clutches [4], drug targeting [5, 6], prosthetic

0964-1726/10/115008+06$30.00

knees [7], etc. Many recent studies have also focused on the
heating of ferrofluid (nanometer-sized ferromagnetic particles
suspended in a carrier fluid) to achieve hyperthermia (the
heating of certain tissues to temperatures between 41 and
46°C) in cancer therapy [8].

However, since the density of the magnetic particles used
for the MRF is considerably higher than that of the liquid
phase, sedimentation represents a significant problem in the
development of MRFs suitable for practical applications. The
driving force of the sedimentation is the gravity that dominates
in comparison with the Brownian motion for particles larger
than approximately 0.1 wm. Nevertheless, if smaller particles
are used, the Brownian motion also hinders the formation
of internal structures in the fluid in a magnetic field. Thus
the optimum particle size is in the range of 0.1-10 um and
further improvement of MRFs stability is necessary. Several

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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studies have been done to alter the sedimentation, e.g., the
addition of thixotropic additives [9], non-spherical particles [2]
to the suspension, or the choice of water-in-oil emulsion
as a continuous phase [10]. Nevertheless, the additions of
stabilization particles may deteriorate the chain structure of
MR particles in external fields. A very interesting possibility
of how to suppress sedimentation consists in an application
of core—shell structures, where a magnetic particle creates
either the core [11-15] or the shell [16, 17]. The former case
represents different types of coatings improving the chemical
and oxidation stability [18]. To prevent eventual fragmentation
in shearing, the latter case requires a good bonding of the shell
to the non-magnetic core. Both variants result in a decrease
of the density of the dispersed phase, which improves the
sedimentation stability and may also promote the MR effect of
this smart system. This effect is defined as a difference between
apparent viscosities in the absence and presence of the applied
magnetic field.

Suspensions of carbonyl iron coated with a conducting
polymer and carbon nanotubes have been proposed as a
new type of MRF [14]. In the present study, core—shell
composite particles with a carbonyl iron (CI) magnetic core
and polyaniline (PANI) conducting shell were prepared by
using a PANI colloidal dispersion in chloroform [18]. The
effects of the PANI coating on the viscosity and MR properties,
including the viscoelastic properties of the MR fluid containing
core—shell particles stabilized further by fumed silica dispersed
in silicone oil, have been evaluated.

2. Experimental details

2.1. Materials

For a model particle-suspended system, carbonyl iron (EA
grade, BASF, Germany) and PANI were selected as a core and
shell, respectively. The main material characteristics of bare CI
according to the product information (G-CAS/BS0106 CIP2)
are: the spherical shape of the particles with an average size of
about 3.5 pm, the content of a-iron >97%, and the silicated
surface. The other chemicals for the PANI coating were of
reagent grade (purchased from Sigma-Aldrich, USA).

2.2. Coating of CI powder by PANI

A schematic diagram of the CI particles coated with PANI is
provided in figure 1. Briefly, the polymerization of aniline
with ammonium peroxydisulfate was performed at room
temperature in a chloroform/water emulsion in the presence of
a sodium bis-(2-ethylhexyl) sulfosuccinate surfactant. These
reaction conditions led to the separation of the colloidal
dispersion of the PANI into the chloroform phase [18, 19].
CI was subsequently suspended in the PANI colloid in
chloroform, separated on a filter, and dried.

2.3. Characterization of particles and magnetorheological
Sfluids

The surface characteristics of the core—shell particles with a
CI core and PANI shell were observed with SEM (scanning

stabilized FANI
in chloroform

core—shell

Cl particles CI-PANI

Figure 1. Schematic diagram of the synthesis of CI-PANI core—shell
particles.

(This figure is in colour only in the electronic version)

electron microscope VEGA II LMU, Tescan, Czech Republic)
operated at 10 kV. The magnetic properties of the microspheres
were examined using a VSM (vibration sample magnetometer,
EG&G PARC 704, Lake Shore, USA) at room temperature.

MR fluid containing 60 and 80 wt% of bare CI and
its PANI-coated analogue in silicone oil (Lukosiol M15,
Chemical Works Kolin, Czech Republic; viscosity 14.5 mPa s,
density 0.965 g cm—3) were prepared. In both cases 0.5 wt%
of nano-silica (average particle size ~10 nm, Aerosil A 200,
Degusa, Germany) was added.  The suspensions were
mechanically stirred before each measurement. The MR
characteristics in steady shear and oscillatory regimes of
the suspensions were examined using a Physica MCRS501
rotational rheometer (Anton Paar GmbH, Austria) with a
Physica MRD 180/1T magneto-cell at 25 and 40°C. The
true magnetic flux density was measured using a Hall probe
and the temperature was checked with the help of an inserted
thermocouple. Both the Hall probe and the thermocouple were
rectangular, located in the bottom plate; for details see [20].
The temperature was set using an Anton Paar Viscotherm
VT2 circulator with a temperature stability +0.02°C. The
maximum magnetic flux density used in all the measurements
did not exceed 0.3 T, to ensure the sufficient homogeneity of
the magnetic field perpendicular to the shear flow direction. A
parallel-plate measuring system with a diameter of 20 mm and
gap of 1 mm was used.

3. Results and discussion

3.1. Microstructure of particles

Figure 2 shows the size and surface morphology of both
bare CI (a) and carbonyl iron—polyaniline (CI-PANI) core—
shell particles (b) observed by SEM. The average size of the
particles was slightly larger than that of the bare CI particles as
a result of the coating layer not exceeding 0.5 um. Moreover,
the encapsulated particles with a smoother surface kept their
spherical shape, which confirms the uniform and complete
coating.

3.2. Magnetic properties of particles

The magnetization curve measurements of the bare CI powder
and its PANI-coated analogue are depicted in figure 3. The
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Figure 2. SEM images of (a) bare CI and (b) CI-PANI particles.
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Figure 3. VSM image of bare CI (dashed line) and CI-PANI (solid
line) particles.

saturation magnetization for the PANI-coated CI particles is
comparable with uncoated CI. Hence, there is no significant
influence of the polymeric coating on the magnetic properties,
and an MR suspension based on CI-PANI core—shell particles
exhibits similar MR performance as in the case of bare CIL
Moreover, CI-PANI particles possess almost zero coercive
force, which is the requested factor in cyclic applications for
the maintenance of isothermal conditions in the system.

3.3. Steady shear and yield stress

The rheological behavior of MR fluids based on CI and CI-
PANI particles was investigated in the controlled shear-rate
mode. In all measurements the range of the shear rate tested
was from 0.1 to 600 s~! in a log scale with 6 pts/decade. The
resulting flow responses were examined as a function of the
magnetic flux density ranging from O to 0.3 T. During each
run under a magnetic field, the MR fluid was first sheared
(y = 100 s7!) at a zero field for 60 s to distribute the
particles uniformly and after the measurement the system was

10"

10°

10

10%

Shear rate, y [1/s]

Figure 4. Ratio of shear stresses with/without a magnetic field

(Tm/ 7o) versus shear rate, y, for CI-PANI particles’ (solid) and CI
particles’ (open) MR suspensions (80 wt%) in silicone oil in various
magnetic fields applied at 25 °C. The symbols for the magnetic flux
densities (mT): 7 99; 0 205; and A 308.

completely demagnetized. Figure 4 shows the proportional
changes of the MR effect expressed as a ratio of the shear
stresses with/without a magnetic field for MR suspensions
based on CI-PANI particles (solid symbols) and CI particles
(open symbols). A noticeable increase in the shear stress with
magnetic flux density is a typical feature of MR fluids and
is caused by the formation of a robust chain structure [1].
Such a strong dependence on the external field is similar to
the phenomenon observed for ER fluids [21]. The systems
in figure 4 can be characterized by a Bingham plastic model
with a yield stress, meaning that the suspension acts as a solid-
like material when exposed to an external shear stress below
this yield stress. In other words, the structure formed in the
MR fluid by the magnetic field is sufficiently rigid to withstand
certain deforming stresses without any external manifestation
of flowing. In comparison with the literature [14], the smoother
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Figure 5. Ratio of the shear stresses with/without a magnetic field
(Tm/ 7o) versus shear rate, y, for core—shell particles based the MR
suspensions in the various magnetic fields applied at 25 °C (solid)
and 40 °C (open). The symbols for the magnetic flux densities (mT):
v 97; B 196; A 297.

particles (CI-PANI) with nano-silica added used in this work
seem to provide a reduction of the off-state viscosity and
improve the sedimentation stability.

As can be seen in figure 4, the proportional change of
the MR effect is higher in the case of the core—shell particles,
which is due to lower zero field shear stress and viscosity of
the MR suspension and confirms the fact that PANI coating
reduces the density of suspended particles.

Furthermore, the MR effect defined as a difference
between the flow curves in zero and applied magnetic fields can
be increased by elevating the temperature. Figure 5 shows the
proportional changes of the MR effect expressed as the ratio of
shear stresses with/without a magnetic field for MR fluids with
CI-PANI particles measured at 25 and 40 °C. It is worth noting
that, in the absence of a magnetic field the system exhibits more
Newtonian behavior at elevated temperatures due to stronger
thermodynamic forces. However, the magnetic forces start to
dominate over the thermodynamic ones in an applied magnetic
field and the flow curves are very similar at both temperatures.
Thus, the MR effect is higher at higher temperature.

In figure 6, the dynamic yield stresses of two different
concentrations of MR suspensions based on CI and CI-PANI
particles are shown as a function of the applied magnetic
flux density B. The yield stresses in all cases increase with
the external magnetic field following the dependence of the
magnetic flux density in the range B' 2. This value slightly
deviates from the numerical and analytical models, according
to which the dependence of the magnetic flux density is a
consequence of the local saturation of the magnetization in
the polar or contact zones of each particle [22, 23]. However,
none of the curves in figure 6 show saturation of the system
and all curves have the linear trend without any apparent yield
stress plateau in the whole range of the applied magnetic flux
densities. This is probably due to the presence of nano-silica
in all MR suspensions. These sub-sized particles can fill
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Figure 6. Dependence of the dynamic yield stress, 7y, on the applied
magnetic flux density, B, for 60 wt% (diamonds) and 80 wt%
(triangles) concentrations of CI-PANI particles (solid symbols) or CI
particles (open symbols) in silicone oil.

the free space in the tetragonal column structure of magnetic
particles, which might help the formation of more robust chain
agglomerates resistant to the higher external stresses, which
leads to higher yield stresses even above the saturation of
magnetic particles [24].

3.4. Viscoelastic properties

As shown above, MR fluids exhibit Bingham plastic behavior
with a yield stress and a system with such properties
can be described as a viscoelastic material in the range
of a small strain of oscillatory flow. In other words,
oscillation experiments give information about the elastic
(storage modulus, G”) and viscous (loss modulus, G”) behavior
of MR fluids. Figure 7(a) depicts the dependence of G’
and G” on the strain amplitude (y) in oscillatory flow for
80 wt% CI-PANI suspension at 25°C. The chain structure
development with increasing magnetic flux density can be
observed from the storage modulus increase and the loss
modulus decrease. This trend indicates the solid-like character
of MR fluids under these conditions. In a very small-strain
amplitude, the viscoelastic modulus, especially its elastic part,
is independent of the applied strain; this range is called the
linear viscoelastic region (LVR). In the LVR, the structure
of the MR fluid is basically undisturbed. However, with
increasing strain amplitude, the chain structure starts to break
and the system shows nonlinearity and deviations from the
viscoelastic behavior. At higher values of strain (which were
not measured in our experiment) the elastic and viscous moduli
intersect each other (G’ = G”), the chain structure of the MR
fluid breaks rapidly and the system starts to flow.

For practical applications it is important to know the
values of G’ and G” in LVR and their strain frequency
dependence. Figure 7(b) shows G’ and G” as functions of the
strain frequency for an 80 wt% CI-PANI suspension at 25 °C
in LVR under a very small strain (y = 0.002%). The storage
modulus of such an MR fluid slightly increases with increasing
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magnetic flux density. This is again evidence of the formation
of higher magnetized structures. Moreover, the storage elastic
modulus is constant over the wide range of driving frequencies.
This trend confirms the fact that the thickness of the PANI
coating layer used does not influence the magnetic properties
of CL.

3.5. Sedimentation test

Finally, the effect of PANI coating on the sedimentation
stability was investigated. MR fluids with the same weight
fraction (60 wt%) but different dispersed particles were set in
static conditions and the sedimentation ratios were measured
until they approached asymptotic values. Figure 8 shows the
sedimentation ratio as a function of time for bare CI and PANI-
coated CI in suspensions with or without further stabilization
by fumed silica. It is obvious that the CI-PANI suspension
exhibits a higher sedimentation stability than that of bare the
CI based one, in the same time period in a silica stabilized and
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Figure 8. Sedimentation ratio of MR fluids (60 wt%) based on bare
CI (O) or CI-PANI (m) particles with 0.5 wt% and bare CI (A) or
CI-PANI (A) particles without silica added.

also a non-stabilized MR suspension. Within the initial 10 hrs
the uncoated particles settled much faster than the coated CI.
Therefore, the coating of magnetic particles with polymers,
such as PANI, can improve the sedimentation stability due
to the reduction in the overall density. It is worth noting
that the sedimentation stability can be further improved using
higher concentrations of thixotropic additives such as nano-
silica (0.5 wt% in our case). However, in both cases the positive
role of PANI coating is apparent.

4. Conclusions

Core—shell CI-PANI particles can be used as a dispersed phase
in anovel MR fluid. Particles with the coating exhibit magnetic
properties comparable to bare CI. Based on visual observation,
the PANI coating contributes to reduced sedimentation, and
thus to improved suspension stability. In addition, it lowers
the interaction between the carrier fluid and the particles
resulting in a decrease of the fluidity of the system in the
absence of a magnetic field. Therefore the relative change
in the magnetorheological effect is significantly higher. The
temperature plays also a very important role in MRF activity,
and the efficiency increases at elevated temperatures. The
viscoelastic properties of the fluids suggest that the CI-PANI
suspension exhibits strong elastic behavior within the linear
viscoelastic region due to the robust chain structure under an
applied magnetic field.
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The aim of this paper is to document suitability of plasma-treated carbonyl iron particles as a dispersed
phase in magnetorheological fluids. Surface-modified carbonyl iron particles were prepared via their
exposure to 50% argon and 50% octafluorocyclobutane plasma. The X-ray photoelectron spectroscopy was
used for analysis of chemical bonding states in the surface layer. Plasma-treated particles were adopted
for a dispersed phase in magnetorheological (MR) fluids, and the MR behaviour was investigated using
rotational rheometer equipped with magnetic field generator. Viscoelasticity changes of MR fluids were
measured in the small-strain oscillatory shear flow as a function of the strain amplitude, frequency and
the magnetic flux density. The MR fluids based on plasma-treated particles exhibit promoted suspension
stability, which is attributed to the interactions between fluorine bonded on particle surface and methyl

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The possibility to control the flow and deformation of mag-
netorheological (MR) fluids by application of a magnetic field
classified these systems into smart and intelligent materials. MR
fluids are suspensions of non-colloidal (~1-10 pwm), multi-domain
ferromagnetic, ferrimagnetic particles dispersed in a non-magnetic
carrier fluid [1-3]. The suspensions exhibit nearly Newtonian
behaviour with values of apparent viscosity ranging from 0.1 to
1Pas at low shear rates in the absence of external magnetic field.
However, when the field is applied, the particles become mag-
netized and the chain-like structures are formed within the fluid
due to the dipolar magnetic interactions. The formation of internal
structure leads to an abrupt transformation within milliseconds
from liquid to solid-like state, which is caused by drastic changes
of rheological properties of the suspension such as an enhancement
of apparent viscosity, yield stress or viscoelastic moduli [4-6]. The
particles can return to an unorganized state, and the apparent vis-
cosity is reduced to the original value, when the magnetic field
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University in Zlin, namesti T. G. Masaryka 275, 762 72 Zlin, Czech Republic.
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0927-7757($ - see front matter © 2011 Elsevier B.V. All rights reserved.
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is removed. Analogous variant to MR fluids are electrorheological
fluids, in which the chain-like structure is created under external
electric field [7]. The ability of MR fluids to change the apparent
viscosity depending on the intensity of external magnetic field can
be used in torque transducers [8,9], active controllable dampers
[10,11] as well as in cancer therapy [12,13], etc.

However, the poor stability of MR fluids due to sedimentation
still hinders their larger utilization by reason that non-uniform par-
ticle distribution can interfere with MR response. The excessive
gravitational settling is caused by the density mismatch between
magnetic particles (e.g., bare carbonyl iron=7.86gcm™3) and car-
rier liquid (e.g., silicone 0il=0.97 gcm~3). To overcome this crucial
problem, different methods such as the use of viscoplastic media
[14], adding special type of additives (carbon nanotube) [15],
core-shell structured particles [16,17], the use of aqueous suspen-
sions stabilized by acrylic acid polymers [18], adding surfactants
(oleic acid) [19], the use of bidisperse MR fluids [20] or choice of
water-in-oil emulsion as a continuous phase [21] have been pro-
posed. Nevertheless, further improvement of the stability of MR
fluids is necessary.

Recently, there is growing interest in using low-temperature
plasma to modify the surface of variety of materials [22,23]. It
is a powerful technique, since the surface properties of materials
can be changed without affecting of their bulk properties [24]. The
Teflon-like surface thin film is prepared in plasma discharge using
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octafluorocyclobutane (C4Fg) as a carrier gas with an admixture of
argon [25,26].

In the present study, plasma-treated particles of carbonyl iron
(CI) were obtained after exposition of bare magnetic particles in
50% argon +50% octafluorocyclobutane processing gas for different
times of exposure. Effects of the surface modification on viscos-
ity, viscoelastic properties of MR fluid containing plasma-treated
particles and long-term stability were evaluated.

2. Materials and methods
2.1. Materials

Carbonyl iron particles (HQ and SL grades, BASF, Germany) were
selected as magnetic agents. The main material characteristics of
HQ and SL grades of bare CI are following: spherical shape of par-
ticles with the average size of about 1 wm and 9 p.m, non-modified
surface, and content of a-iron >97% and >99.5%, respectively. As
components of processing gas, argon (Ar purity >99.998, Messer
Industriegase GmbH, Germany) and octafluorocyclobutane (C4Fg
purity >99.998, Linde AG, Germany) were used.

2.2. Plasma treatment of particles

The surface modification of CI particles was performed using a
plasma reactor Diener Femto (Diener Electronic, USA) operating at
frequency 40 kHz. The samples were inserted into the rotating rect-
angular parallelepiped glass reaction chamber, which was placed
inside the plasma reactor. Such configuration enables the uniform
modification of powdered samples. CI powders were exposed to
50% Ar and 50% C4Fg plasmas sustained at power of 50 W at pro-
cessing gas pressures of approx. 30-40 Pa with the processing gas
flow rate of 90 sccm. After certain time, the plasma was quenched
and samples were kept under the atmosphere of processing gas for
next 5min. Three types of samples (B, C and D) were obtained in
this way varying in the time of modification and CI grade (Table 1).

2.3. Characterization of particles surface composition

Surface characteristics of non-treated and plasma treated CI par-
ticles were observed with XPS (X-ray photoelectron spectroscopy,
TFA XPS, Physical Electronics, USA). The base pressure in the cham-
ber was about 6 x 10~8 Pa. The samples were excited with X-rays
over a 400-pm spot area with a monochromatic Al Ko ; radiation
at 1486.6eV. Photoelectrons were detected with a hemispherical
analyzer positioned at the angle of 45° with respect to the sample
surface. Survey-scan spectra were made at pass energy of 187.85 eV
and an energy step was 0.4eV. The concentrations of elements
were determined by using MultiPak v7.3.1 software from Physical
Electronics, which was supplied with the spectrometer [27].

2.4. Characterization of magnetorheological fluids

MR fluids containing 80 wt.% of bare CI (HQ or SL grade) or their
plasma-treated analogues in silicone oil (Lukosiol M200, Chemi-
cal Works Kolin, Czech Republic; viscosity of 200 mPas, density
of 0.965gcm—3) were prepared. Suspensions were mechanically
stirred before each measurement. MR characteristics of the sus-
pensions in steady and oscillatory shear were examined using a
rotational rheometer Physica MCR501 (Anton Paar GmbH, Austria)
with the Physica MRD 180/1T magneto-cell at 25 °C. True magnetic
flux density was measured using a Hall probe and temperature
was checked with the help of an inserted thermocouple, for details
see Ref. [28]. Temperature was set using an Anton Paar circula-
tor Viscotherm VT2 with temperature stability £0.02 °C. Maximum
magnetic flux density used in all measurements did not exceed 0.3 T
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Fig. 1. XPS spectra for Cl samples without and with exposure to Ar + C4Fs plasma.

to ensure sufficient homogeneity of a magnetic field perpendicular
to the shear flow direction. A parallel-plate measuring system with
diameter of 20 mm and gap of 1 mm was used.

2.5. Stability test

Stability of the various types of CI particles based MR sus-
pensions was examined by a sedimentation ratio test, which is a
simple naked-eye observation of sedimentation. In this method, a
set of the samples were placed in test tubes and observed for 24 h.
The settling of the macroscopic phase boundary between the con-
centration suspension and the relatively clear oil-rich phase was
measured as a function of time. Then, the sedimentation ratio is
defined as the height of particle-rich phase relative to the total
suspension height.

3. Results and discussion
3.1. Surface composition

Chemical bonding states of the nano-surface layer of CI powders
exposed to plasma were observed via X-ray photoelectron spec-
troscopy. Fig. 1 shows XPS spectra for bare and plasma-treated CI
samples composed of four main components: C 1s peak at binding
energy of 284.6 eV, O 1s peak at 531.6 eV, F 1s peak at 684.9 eV, and
Fe 2s peak at 706.8 eV [27]. Here it should be noted that the other
peaks are from signals of non-valent Auger electrons.

The results listed in Table 1 show that the amount of O 1s, which
was presented on the CI surface may be due to oxidation of carbon
and iron in the air, decreased due to Ar+C4Fg plasma. Further-
more, based on these data it was also suggested that the reduced
O 1s was efficiently substituted by bonded F 1s. A certain amount
of N 1s present in the particles surface layer after plasma treat-
ment can be attributed to the post-plasmatic reaction ongoing in
the air. Fig. 2 shows the atomic ratios of F/Fe on the surface of CI
without and with exposure to Ar + C4Fg plasma. As can be seen, the
ratio increases both with treatment time and with the particle size.
The larger amount of bonded fluorine on larger particles can result
from a fact that smaller particles had strong interface attractive
forces and formed agglomerates, which implicated smaller surface
area than larger ones. Above mentioned features indicate that the
plasma treatment of CI particles can change their surface properties
having a positive effect on their practical use.
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Table 1

Parameters of samples and their surface composition from XPS.
Sample Particle size Treatment time Cls O1s N 1s F1s Fe 2s

[pm] [s] [%] [%] [%] [%] [%]

A 1 0 22.2 50.1 0 0 27.7
B 1 120 15.5 45.0 2.2 6.5 30.8
C 1 300 27.9 40.7 1.6 6.4 234
D 9 120 25.9 41.3 0 7.4 25.4

3.2. Steady shear and yield stress

Rheological behaviour of MR suspensions based on non-treated
and plasma-treated CI particles was investigated in a controlled
shear-rate mode in static magnetic field ranging from 0 to 0.3 T. The
measurements under given conditions were repeated twice and
an average value was used for further evaluation. During each run
under a magnetic field, the MR suspension was first sheared (y =
100s~1) at zero magnetic field for 60s to distribute the particles
uniformly and after the measurement the system was completely
demagnetized to disturb residual internal structures. Fig. 3 displays
shear stress as a function of shear rate for samples A and B based
MR fluids under different external magnetic flux densities.
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Fig. 2. Atomic ratio of F/Fe for CI samples without and with exposure to Ar+C4Fs
plasma.
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Fig. 3. Rheogram of 80 wt.% MR fluids based on samples A (open triangles) and B
(lines) under various magnetic fields applied.

In the absence of magnetic field, the MR suspension contain-
ing non-treated particles exhibits nearly Newtonian behaviour,
while suspensions with plasma-treated particles provide a certain
value of yield stress, which can be generated due to interac-
tion forces between fluorine bonded on CI particles and methyl
groups of silicone oil. In the presence of magnetic field, both sys-
tems exhibit Bingham plastic behaviour showing that the magnetic
particles were aligned into the chain-like structure sufficiently
rigid to withstand certain deforming stresses without any exter-
nal manifestation of flow. Typically for MR fluids, the shear stress
of samples A and B based MR fluids increased for the entire shear
rate region with the increase of magnetic flux density [29]. When
magnetic field is applied, the magnetic forces between polarized
particles strongly dominate over the interaction ones between
plasma-treated particles and silicone oil, thus both MR suspensions
have approximately the same values of shear stress irrespective of
employed particles.

From the courses of shear stress-shear rate curves, dynamic
yield stresses can be obtained by fitting the experimental data with
the Cho-Choi-Jhon model [30]:

70 1 .
S B 1
TG ( +(t3'y)ﬁ>y =

Here, 7¢ is the dynamic yield stress, « is related to the decrease in
the stress, t, and t3 represent time constants, S is the exponent in
the range 0< 8 <1, and 1 is the viscosity at high shear rates and is
interpreted as the viscosity in the absence of a magnetic field [30].
Table 2 shows the yield stresses and optimal parameters for the
Cho-Choi-Jhon model for MR suspensions based on CI particles
(samples A-D) at the magnetic flux density of 0.3 T. Evidently from
Table 2, suspension with CI particles of sample B exhibits almost
the same value of 7y as non-treated particles (sample A) based
MR suspension in the magnetic field of 0.3 T. Further, increase in
time of plasma treatment (sample C) led to lower 7y and this can
be explained by the lower iron content in the surface layer at the
expense of higher carbon content. Thus, 120 s exposure appears as
an optimal treatment time of Cl particles from the magnetorheolog-
ical point of view. It was also found from the results in Table 2, that
larger CI particles (i.e. sample D) based MR suspension possesses
almost twice-higher value of 7g due to larger magnetic domains.

3.3. Viscoelastic properties

Oscillatory shear tests represent an effective way to study the
dynamic characteristics of microstructures formed in MR suspen-
sions. Fig. 4 presents the storage modulus, G’ (elastic behaviour)
and loss modulus, G” (viscous behaviour) versus strain for sample
B suspension under various magnetic flux densities. Both G’ and
G” increase rapidly from their original values upon the application
of a magnetic field over the whole strain range (y=10"°-10"2 in
our case). Moreover, G’ comes to be significantly higher than G”
in the linear viscoelastic region (LVR), i.e. in the range of inde-
pendency of G’ and G” on strain amplitude, and the difference
between these moduli grows also with magnetic flux density. This
dramatic change in rheological properties originates from the mag-
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Table 2

Parameters of the Cho-Choi-Jhon model obtained by linear regression for various treated CI particles-based MR fluids at the magnetic flux density of 0.3 T.
Parameters A B C D
7o [Pa] 8863 8796 7 485 16 182
t [s] 0.0011 0.0011 0.2150 0.7013
o] 0.0006 0.0006 0.1191 0.5641
N~ [Pas] 1.1992 1.1992 1.1967 1.1992
t3 [s] 7.8x107° 7.8 x107° 7.4x107° 22x107°
Bl-1] 0.8820 0.8850 0.8433 0.7991

netic dipole-dipole interactions between CI particles resulting in
the formation of chain-like structures.

Fig. 5 shows viscoelastic moduli G’ and G” as functions of angu-
lar frequency at a small strain of 2 x 10~4 in the LVR for 80 wt.% MR
suspension based on CI particles of sample B under various mag-
netic fields. In the absence of magnetic field, G’ is slightly larger than
G”, which can be due to high CI particle loading in the suspension.
Upon application of the external magnetic field G’ and G” increase
in three and two orders of magnitude, respectively. As can be seen
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Fig. 4. Storage, G’ (solid symbols or line) and loss, G” (open symbols or dashed line)
moduli versus strain, y, at angular frequency of 62.83rads! for 80 wt.% MR fluid
based on samples A (lines) particles under magnetic flux density (T) of 0 or 0.3, and B
(symbols) particles under various magnetic fields applied. The symbols for magnetic
flux densities (T): (@,0) 0; (v,v)0.1; (m,0) 0.2; (a,4) 0.3.
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Fig. 5. Storage, G’ (solid symbols or line) and loss, G” (open symbols or dashed line)
moduli versus angular frequency, , for samples A (lines) particles under magnetic
flux density (T) of 0 or 0.3, and B particles based MR suspension (80 wt.%) under
various magnetic fields applied. The symbols for magnetic flux densities (T): (®,0)
0;(v,v)0.1; (m,0)0.2; (a,2)0.3.

in Fig. 5, G’ values are either constant or increase slightly as the
angular frequency rises up to 100rads~!. This is typical behaviour
of stiff three-dimensional network formed by magnetized CI par-
ticles within MR fluid, which is sufficiently strong to transmit the
elastic force in such system [31].

3.4. Sedimentation test

Finally, the effect of CI plasma treatment on the sedimentation
stability was investigated. The MR fluids with overall fraction of
50 wt.% of HQ grade CI particles were set in static conditions and
sedimentation ratios were measured for 24 h. Fig. 6 shows the effect
of the exposure of CI particles to Ar+C4Fg plasma on the sedi-
mentation stability of MR suspensions based on these particles.
Three kinds of CI particles were used for the examination vary-
ing in treatment time (i.e. samples A, B and C). The inset photo
shows final results of the sedimentation after 24 h for all suspen-
sions. The interactions between fluorine bonded on the CI surface
and methyl groups of silicone oil seem to be present, resulting in
the retardation of sedimentation. Moreover, the MR suspension
based on CI particles with 120s exposure to plasma exerted the
best suspension stability even better than in case of 300 s treated
ones. This is probably caused by the growth of surface layer and
so the overall particle size with increasing treatment time, which
was confirmed using dynamic light scattering technique (Zeta-
sizer, Malvern Instruments, UK). The particles size for 0, 120 and
300 s exposure to plasma time matched to 1, 1.026 and 1.038 pm,
respectively. Therefore, there is an optimum plasma treatment
time of 120s for 1 um CI particles ensuring the best combina-
tion of MR performance and suspension stability. However, 300s
plasma treated particles suspension possesses still higher stability
due to the fluorine-methyl group interactions than for non-treated
CI particles suspension. In other words it can be said that the retar-
dation of sedimentation can be enhanced by surface modification
of magnetic particles in plasma in order to improve the interac-

1.1

Sedimentation ratio, [-]

0 5 10 15 20 25
Time, [hr]

Fig. 6. Sedimentation ratio versus time for sample A (W), B (a), C (v) based MR
suspensions (50 wt.%) in 200 mPa s silicone oil.
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tions between particles and carrier liquid without the use of further
viscosity modifying components [32].

4. Conclusions

Magnetic CI particles with different size were exposed to 50%
argon and 50% octafluorocyclobutane plasma for different times
for bonding of fluorine on their surface and its presence was con-
firmed via X-ray photoelectron spectroscopy. The plasma-treated
particles based MR fluids show typical MR characteristics including
high values of yield stresses and the sharp shear thinning behaviour
under external magnetic field applied. The viscoelastic properties
of the fluids suggest that plasma-treated CI particles MR suspen-
sions exhibit strong elastic behaviour within the linear viscoelastic
region due to the robust chain structure under a magnetic field
applied. Compared with MR fluid based on bare CI, plasma-treated
CI particles based MR fluids show enhanced sedimentation stabil-
ity, and it seems to be due to the interaction forces between fluorine
bonded on particle surface and methyl groups of silicone oil.
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The spinel nanocrystalline cobalt ferrite (Colex O4) particles were prepared via a sol-gel
method followed by the annealing process. Their structural, magne tic and magnetorhe-
ological (MR) properties depending upon the annealing temperature were investigated.
The X-ray diffraction analysis revealed ( hat the higher annealing temperature, the larger
grain size of CoFeyO4 particles resulting in larger magnetic domains in particles. The
saturation magnetization, determined via a vibrating sample magunetometry, mcwasod
with annealing temperature and, in contrast, the coercivity decreascd. The 11\((»lt:gm al
behavior of ColeaQy particles based MR suspensions determined under the small-strain
oscillatory shear flow in magnetic ficld showed that higher anncaling tarperature r‘&:ﬂr‘(.:(;s
in larger changes of rheological properties.

Keywords: Magnetorheological suspensions; nanocrystalline cobalt ferrite; annealing:
magnetic field.

1. Introduction

An important field of current rescarch is represented by magnetorheological (MR)
suspensions. These smart fluids cnable an abrupt change of cheological properties
such as yield stress, viscosity or viscoelastic moduli by transforming from liquid to
solid-like structure under an applied magnetic field within mill iseconds. b

Cobalt ferrite (CoFeyQ4) as a typical example of mml lwgnetic materials at-
tracts a serious attention of researches in many areas due to its favorable properties
like moderate saturation magnetization, high coercivity, as well as a good hardness
and an excellent chemical stability. Ios wcml]yﬂ moderate saturation magnetization
favors cobalt ferrite for succezsshﬂ zmphca,tmn as a dispersced phase of intelligent
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magnetorheological suspensions. On the other hand, the high coercivity is induced
by the large anisotropy of Co*" ion due to the spin-orbit coupling. Coercivity is an
important feature in magnetic hyperthennia, the efficient and harnnlessness method
in medicine in cancer treatment causing the necroses of tumor cells due to heat gen-
eration by AC magnetic field on magnetic nanoparticles introduced info the diseased
tissue.? Thus, from economic and time points of view it is very interesting to change
the magnetic properties of one material dependent upon resulting application by
small variation during the preparation.

To increase the variability of the use of ColesO4 particles, this work deals with
the effect of temperature of the annealing process followed alter the sol-gel synthesis
of CoFey O, particles on their magnetic properties and rheological behavior of MR
suspensions based on such particles.

2. Experimental
2.1. Preparation of CoFezO4 particles

All the chemicals, except distilled water, used for preparation ol ferrite particles
were of reagent grade and purchased from Sigma Aldrich (USA).

As can be seen in Fig. 1, cobalt ferrite particles were obtained via sol-gel method
with subsequent annealing.® Briefly, the synthesis process starts with the prepara-
tion of solution consisting of cobalt acetate tetrahydrate (1/200 mol) and iron(III)
nitrate nonahydrate (1/100 mol) dissolved in 2-methoxyethanol {100 ml) and water
(15 ml). The solution was sonicated for 30 min and then refluxed at 70°C for 12 h.
Afterwards the formed gel was dried at 100°C for 24 h and ground in a ball mill
(Retsch MM 301, Retsch GmbH, Germany). Final step, and crucial for resulting
magnetic properties of CoFesO, powders, was annealing in muffle furnace (LAC
LMH 07/12, LAC, USA) with heating rate of 1°C/min up to 400°C or 850°C and
holding for 3 h. Different annealing conditions were also studied but above men-
tioned appeared as the best variants from CoFesO4 properties and economical point
of view.

Structure of prepared particles was determined with an X-ray diffractometer
(X’Pert PRO, Philips, The Netherlands) with Cu-K, radiation (A = 0.154 nm)
in reflection mode and 26 ranged [rom 25° to 70°. The morphology of prepared
powder was determined with SEM {Scanning Electron I\"[u:r‘(m?upe VEGA 11 LMU,
Tescan, Czech Republic) operated at 10 kV. Measurement of magnetic properties
of CoFey04 was carried out at 25°C using a vibrating sample magnetometer (VSM,
Lakeshore, USA) at high magnetic field of 12 kOe.

2.2. Preparation of MR suspensions

CoFey 0, particles were dispersed by ultrasound in silicone oil (Lukosiol M15,
Chemical Works Kolin, Czech Republic; viscosity n = 14.5 mPas, density d
0.965 g/cm®) to form stable suspensions with a particle weight fraction of 40% for
materials annealed at 400°C or 850°C, respectively.
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Pig. 1. Preparation procedure of CoFeyQy particles.

Measurements of rheological properties of the prepared MR suspensions were
carried out using a rotational rheometer Physica MCR501 (Anton Paar GmbH,
Austria) with Physica MRD 180/1°T magneto-cell at 25°C. True magnetic flux
density (0-300 mT) was measured using a Hall probe. A parallel plate measur-
ing system with a diameter of 20 mm and gap of 1 mm was used. The dynamic
oscillation tests were performed by dynamic strain sweeps and frequency sweeps.
The strain sweep was carried out with applied strains from 107 ® to 0.1 at angular
frequency of 62.8 rad/s under a magnetic field to determine the linear viscoelastic
region. Then, the rheological parameters were obtained from frequency sweep tests
(0.628-62.8 rad/s) at fixed strain amplitude in the linear viscoelastic region.

3. Results and Discussion
3.1. Characterization of CoFey 04 particles

The XRD patterns indicating the structure of Cole;O4 particles annealed at 400°C
or 850°C are shown in Fig. 2. All the diffraction peaks can be according to JOPDS
card No. 22-1086 and JCPDS card No. 01-1121 indexed to the face centre structure
of CoFe,04. Moreover, no impurity peaks are detected. From I'ig. 2 can be further
seen the increase in intensity of the major peaks implying the growth of the grain
size of CoFey0, particles with increasing annealing temperature. Based on the
Scherrer formula,® the CoFe,Oy particle size was calculated as 16 mm and 35 nm
for particles annealed at 400°C or 850°C, respectively.

SEM image in Fig. 3 demonstrates that single particles form larger agglomerates
of mostly globular shape having the size in range from 100 nm to 1 pm.

The magnetic properties of prepared CoFeqOy4 particles are depicted in Fig. 4.
The magnetization saturations of anncaled particles, 36 or 63 emu/g (annealed at
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Fig. 2. X-ray diffraction patterns of the CloFes O4 particles annealed at 400%C or 850°C.

Fig. 3. SEM image of CoFe, Oy particles annealed at 850°C.

400°C or 850°C), are lower in comparison with bulk CoFesQy (72 emu/g 6 confirm-
% o

ing the nanocrystalline nature of prepared particles. In contrast to magnetization

saturation values, the coercivity, which is unwanted property of dispersed particles
in MR suspensions,” is higher for particles annealed at lower temperature. The ex-
es can be attributed to the large residual strain

istence of coercivity in the sampl
sreparation.® The

and defects in CoFesO4 particles caused by milling during their |

differences in the magnetic properties of prepared Collep Oy can be due to different

article sizes (magnetic domains) de yending upon annealing temperature.
& I : :

3.2. Rheological properties of MR SUSPENSIONS

An abrupt change of MR suspension internal structure under an external magnetic
state in several

field causes a transition from nearly Newtonian liquid to solid-like s
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Fig. 5. Frequency dependence of storage modulus, G’, for 40 wt.% suspension of CoFeqQy an-
nealed at 400°C or 850°C: at different magnetic flux densities: 0 mT (open symbols); 260 mT

(solid symbols).

milliseconds. A possible method for the investigation of such transition is a dynamic
oscillation test, in which storage, G, and loss, G, moduli describe the change of
the suspension internal structure.? First of all, the range of the independency of G
and G on strain amplitude, so called linear viscoelastic region, must be determined
and that was until strain amplitude v = 2%107% in our experiment.

Figure 5 shows storage modulus, G, for MR suspensions of two kinds of CoFeqOy
particles differing in the annealing temperature as a function of angular frequency
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in the linear viscoelastic region. In the absence of a field, G’ is dependent on the
frequency, especially in case of particles annealed at 850°C. However, it increases
significantly and becomes independent of the frequency upon ama gmetic field. Sus-
pension of CoFeyO4 particles annealed at 850°C exhibits higher G'. Moreover,
the higher annealing temperature of particles results in lower G’ of MR suspen-
sions in the absence of magnetic field and thus in higher MR efficiency. Thus, MR
suspensions based on nanoparticles can demonstrate typical MR characteristics due
to the formation of rigid internal structure of magnetized particles imposed to mag-
netic field. "

4. Conclusions

The synthesis of cobalt ferrite via sol-gel method with subsequent annealing enable
to tailor properties of such particles in dependence on required application, which
can also be effective frorn economical point, of view. It means thiat ColesO4 particles
annealed at higher temperature are good candidates for classical magnetorheology
while those annealed at lower temperature can be used in magnetic hyperthermia.
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Abstract Hollow globular clusters of titanium oxide
(TiO,) nanoparticles were synthesized by a simple hydro-
thermal method. The prepared particles were consequently
coated by in situ polymerization of conductive polymer
polypyrrole (PPy) to obtain novel core—shell structured
particles as a dispersed phase in electrorheological (ER)
suspensions. The X-ray diffraction analysis and scanning
electron microscopy provided information on particle
composition and morphology. It appeared that PPy coating
improved the compatibility of dispersed particles with
silicone oil which results in higher sedimentation stability
compared to that of mere TiO, particles-based ER suspen-
sion. The ER properties were investigated under both
steady and oscillatory shears. It was found that TiO,/PPy
particles-based suspension showed higher ER activity than
that of mere TiO, hollow globular clusters. These observa-
tions were elucidated well in view of their dielectric spectra
analysis; a larger dielectric loss enhancement and faster
interfacial polarization were responsible for a higher ER

M. Sedlacik - M. Mrlik - V. Pavlinek * P. Saha
Centre of Polymer Systems, University Institute,
Tomas Bata University in Zlin,

Nad Ovcirnou 3685,

760 01 Zlin, Czech Republic

M. Sedla¢ik (<) - M. Mrlik + V. Pavlinek - P. Séha
Polymer Centre, Faculty of Technology,

Tomas Bata University in Zlin,

namesti T. G. Masaryka 275,

762 72 Zlin, Czech Republic

e-mail: msedlacik@ft.utb.cz

0. Quadrat

Institute of Macromolecular Chemistry,
Academy of Sciences of the Czech Republic,
Heyrovsky Sq. 2,

162 06 Prague 6, Czech Republic

activity of core—shell structured TiO,/PPy-based suspen-
sions. Investigation of changes in ER properties of prepared
suspensions as a function of particles concentration,
viscosity of silicone oil used as a suspension medium, and
electric field strength applied was also performed.

Keywords Electrorheology - Titanium oxide - Hollow
globular clusters - Polypyrrole coating - Core—shell
particles - Dielectric properties

Introduction

Electrorheological (ER) behavior of suspensions of electri-
cally polarizable particles dispersed in an insulating fluid
has been the object of investigations of many researchers in
the past. The ability to suddenly change rheological
properties due to formation of a stiff chain-like structure
of polarized particles in the electric field ranges these fluids
among smart materials with a great potential in engineering
applications [1-3]. The nature of this effect enabling the
remote-controlled transition from liquid to quasi-solid state
has been discussed in review articles [4—7]. The broader
using of ER effect in practice is still hindered by several
problems such as low polarization forces and temperature
dependence, leaking current through the suspension and
particle sedimentation. To overcome these drawbacks,
various ER materials differing in shape [8] and organic [9,
10] or inorganic [11] nature have been developed. In
addition, a dispersed phase of particles with modified
structure as metal-doped titania [12], polymer/inorganic
hybrid [13, 14], and core—shell composites [15] have also
been used in ER fluids.

It is well known that the interfacial polarization takes
dominant role in determination of the ER performance, and
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dielectric and electric properties of particles are main
factors affecting the ER activity. At present great attention
has been paid to titanium oxide (TiO,) because of its high
dielectric constant. Its weak ER activity mainly originating
from its low active natural structure could be improved by
changing its molecular or crystalline structure or micro-
structure [16]. In this study, with a view to prepare a novel
material with good ER performance, the hollow globular
clusters of titanium oxide nanoparticles coated with a
polypyrrole (TiO,/PPy) were synthesized and steady-state
and oscillatory flow behavior of their silicone oil suspensions
related to dielectric properties were analyzed.

Experimental
Materials

Potassium titanium oxide oxalate dihydrate (TiO) (OCO-
COOK),; PTO, technical grade), hydrogen peroxide solu-
tion (H,O,, 30 wt.%), hydrochloric acid (HCI, >37%),
pyrrole (Py, >98%) and ammonium persulfate (APS, 98%)
were purchased from Sigma—Aldrich Incorporation (St.
Louis, USA). Cetyltrimethylammonium bromide (CTAB,
98%) was obtained from Lach—Ner, s.r.o. (Neratovice,
Czech Republic). All chemicals were used without further
purification.

Synthesis of TiO,/PPy particles

The mere TiO, hollow clusters were prepared according to
the report [17], with a minor modification. PTO 1.416 g
(4 mmol) was dissolved in 30 ml of distilled water and to a
dark red solution 30 ml of 30% H,0, and 3 ml of 37% HCI
were added. The mixture was transferred to a 100-ml
Teflon-lined autoclave and filled up with distilled water up
to 90% of the total volume. The autoclave was sealed,
heated at 150 °C for 8 h, and cooled down to room
temperature. The suspension of TiO, clusters was filtered,
the precipitate rinsed with distilled water several times, and
dried at 60 °C in the vacuum for 6 h. The yield was around
83% (approximately 0.281 g).

To obtain TiO,/PPy particles, 1.845 g of CTAB was
dissolved in 100 ml of distilled water and 2 g of TiO,
clusters was added. The suspension was sonicated for
30 min and cooled to 0-5 °C during vigorous stirring.
Then, 4 ml of precooled Py monomer and 13.28 g of
precooled initiator APS were added to the mixture drop-
wise. The polymerization reaction was carried out at 0—5 °C
for 8 h and kept under room temperature another 12 h. The
powder of TiO,/PPy particles was collected on the filter and
rinsed with distilled water several times. In order to
decrease the conductivity of PPy coating, the sample was
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dispersed in fivefold molar excess of 1 M ammonium
hydroxide for 5 h. Then, after filtration, TiO,/PPy was
rinsed with distilled water and dried as above. The weight
fraction of PPy in the composite determined by thermog-
ravimetric analysis (Setaram SetSys Evolution 1200, USA)
was 34 wt.%.

Particle characterization

The structural analysis of prepared materials was carried
out on an X'Pert PRO (Philips, the Netherlands) X-ray
diffractometer, fitted with copper target, K, ray, scanning
rate of 4° min~' for the recording data in the range of 20=
20-80° (360 kV, 20 mA). Elicited phase and purity from
powder XRD patterns are shown in Fig. 1. All the
diffraction peaks can be indexed to a pure tetragonal rutile
phase according to JCPDS card No. 21-1276 with lattice
constants a=4.602 A and ¢=2.956 A. In obtained XRD
patterns, no other impurity peaks are detected. The peaks
are not so sharp, and a small amorphous halo due to PPy
appears in TiO,/PPy particles XRD pattern.

The morphologies of the TiO,/PPy powder as well as its
PPy-coated variants were determined with SEM (Scanning
Electron Microscope VEGA II LMU; Tescan, Czech
Republic) operated at 10 kV and is shown by scanning
electron micrograph in Fig. 2. As can be seen, the particles
are hollow globular clusters of TiO, primary nanoparticles
with the size of around 1 um. PPy coating can be
recognized on the surface.

Preparation of ER fluids

Five, 15, and 25 wt.% of uncoated and PPy-coated hollow
globular clusters were dispersed by ultrasonic mixing in
silicone oils Lukosiol M15 (Chemical Works Kolin, Czech
Republic; viscosity 14.5 mPa s, density 0.965 g cm °) and
Lukosiol M200 (Chemical Works Kolin, Czech Republic;

(101)
(211)

I(110) t%

Intensity [a.u.]

%)

2

20 [deq]

Fig. 1 Powder XRD patterns of the mere TiO, clusters (a) and TiO,/PPy
particles (b)
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Fig. 2 SEM images of TiO, (a)
and TiO,/PPy (b) hollow
globular clusters

viscosity 194 mPa s, density 0.965 g cm ). To avoid the
influence of moisture, both silicone oils were dried at 80 °C
for 24 h.

Electrorheological measurements

The ER properties of the fluids under investigation were
measured using a rotational rheometer (Bohlin Gemini,
Malvern Instruments, UK), with coaxial cylinder geometry
(length 27.4 mm, inner cylinder of 14 mm in diameter and the
outer cylinder separated by a 0.7-mm gap), modified for ER
experiments. A DC voltage (0.35 until 2.1 kV) corresponded
to the electric field strength range 0.5-3 kV mm ' was
generated by a DC high-voltage source TREK (TREK 668B,
USA). All steady-flow measurements in the controlled shear
rate (CSR) mode were performed in the shear rate range 0.1—
300 s '. The oscillatory tests were carried out through
dynamic strain sweeps and frequency sweeps. The strain
sweeps were performed in the applied strain range of 10 to
107 at a fixed angular frequency of 6.28 rad s ' under an
electric field in order to get the position of the linear
viscoelastic region (LVR). Afterwards, the viscoelastic
moduli were obtained from the frequency sweep tests (0.5
to 100 rad s ') at fixed strain amplitude in the LVR. All the
oscillatory measurements were performed in the CSR mode.

In both modes before each measurement at new electric
field strength used, the formed internal structure within the
suspension was destroyed by shearing of the sample at a
shear rate 20 s ' for 150 s. The temperature in all
experiments was kept at 25 °C.

Dielectric properties

Dielectric properties in the frequency range of 40-5x10° Hz
were measured with an impedance analyzer (Agilent
4524, Japan). Although the Cole—Cole equation has
been frequently used for investigation of dielectric

properties of many ER fluids [18], the dielectric spectra
(Fig. 3) expressed by complex permittivity €* were
analyzed in this study using Havriliak—Negami equation
by which the asymmetry of relaxation peak can be more
properly fitted [19]:

(€0 — )

(1 + (i te)®)" M)

e* =€ +

2.5 M-I

0.4F

03}

="H

02F

0 bl e

10" 10° 10' 107 10° 10° 10° 10° 10" 10°
o [rad s7!]

Fig. 3 Relative permittivity, €', (a) and dielectric loss factor, £”, (b) as

a function of the angular frequency, w, for 5 wt.% suspension of TiO,

hollow globular clusters (empty circle) and TiO,/PPy (empty triangle)
particles
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where polarizability, Ae’, is defined as the difference
between static €'y and high-frequency ¢',, relative permit-
tivity, w is angular frequency, #. is the relaxation time, and
a and b are shape parameters which describe the symmetric
and asymmetric broadening of the dielectric function, 0<a,
a-b<l. The parameters a and b are related to the limiting
behavior of the dielectric function at low and high
frequencies. The relaxation frequency, at which the dielec-
tric loss factor £” has a maximum, is proportional to the rate
of polarization of suspension particles.

Sedimentation behavior

Stability of ER fluid consisted of 25 wt.% TiO, hollow clusters
and their PPy-coated variant in silicone oil M15 was
examined by sedimentation ratio test based on a simple naked
eye observation of sedimentation velocity (Fig. 4). Within this
method, the samples were placed into test tubes and observed
for 220 h. The settling of macroscopic phase boundary
between the concentrated suspension and the relatively clear
oil-rich phase was measured as a function of time. Then, the
sedimentation ratio is defined as the height of particle-rich
phase relative to the total suspension height. As can be seen,
the ER fluids keep stable for a long time because of hollow
structure. Furthermore, TiO,/PPy suspension exhibits higher
sedimentation stability than that of TiO, particles based one in
the same time period which is caused by improved particles
compatibility with the oil medium due to PPy coating.

Results and discussion

ER effect and dielectric properties

Figure 5 illustrates an increase in ER activity of the mere
TiO, clusters after PPy coating. Almost linear log—log plot

0.95 1

09 E

0.85 1

Sedimentation ratio [-]

075 1 1 1 1 1
0 50 100 150 200

t[hr]
Fig. 4 Sedimentation ratio/time dependence of 25 wt.% ER suspen-

sions of TiO, (filled circle) and TiO,/PPy (filled triangle) particles in
silicone oil M15
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Fig. 5 Double-logarithmic plots of the shear stress, 7, (a) and the
viscosity, 1, (b) vs. shear rate,y, for 5 wt.% suspension of TiO, (filled
circle, empty circle) and TiO,/PPy (filled triangle, empty triangle)
particles in silicone oil M15. The electric field strengths (in kilovolts
per millimeter): 0 (empty circle, empty triangle), 3 (filled circle, filled
triangle)

of the shear stress on the rate of shear for suspension of
both coated and uncoated particles in the absence of the
electric field suggests almost Newtonian behavior charac-
teristic for suspension of non-polarized particles (Fig. 5a).
Viscosity of the sample of mere TiO, particles predom-
inates (Fig. 5b) probably due to their more hydrophilic
surface than PPy layer and, consequently, worse particle
compatibility with the hydrophobic oil medium [9, 20].
Under electric field application, the low-shear apparent
viscosity of both suspensions increased. The flow became
pseudoplastic, and the ER response of PPy-coated particles
was higher. As seen in Fig. 5a, the peak in the shear stress
develops during shearing of the suspension in the electric
field. This phenomenon is attributed to the rearrangement in

Table 1 Parameters in Eq. 1 and polarizability of ER fluids

Parameter TiO, TiO,/PPy
o 3.8 4.52
€'w 2.92 2.88
Ag’ 0.88 1.64
trel 1.63E-02 2.64E-04
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Fig. 6 The dependence of the performance, e, on the shear rate,y, for
5 wt.% suspension of mere TiO, particles (filled circle) and TiO,/PPy-
coated particles (filled triangle) in silicone oil M15

ER structures from chain-like structures spanning the gap
between electrodes to lamellar structures as has been
demonstrated in several ER fluids [21]. Because the
rearrangement requires both electrostatic and hydrodynamic
forces, it has been suggested that due to the thermodynamic
reasons, the lamellar structures spontaneously form, driven
by a lowering of the free energy in the system [22].
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Fig. 8 The dependence of performance, e, on the shear rate, y, for
suspension of TiO,/PPy particles in silicone oil M15. Particle
concentrations (in weight percent): 5 (filled inverted triangle), 15
(filled circle), 25 (filled triangle)

Especially mere TiO, hollow globular clusters suspension
exhibits during the initial stages of shearing under electric
field rearrangement from static aligned particles chain-like
structure into another dynamic one.

It is generally accepted that interfacial polarization of
particles and formation of chain-like structures in ER
materials are closely related to dielectric phenomena. The
dielectric spectra (Fig. 3) and their characteristics in the
Table 1 indicate that PPy coating of particles enhanced the
magnitude of particle polarizability, Ae’, and decreased the
relaxation time, #.. As a result, highly polarized particles
with higher mobility were organized in a stiffer ER
structure of suspension with higher viscosity.

For practical use, in addition to viscosity of suspension
reached at the electric field strength used, also electric field-off
value must be considered for evaluation of the efficiency of
ER phenomenon. Thus, the performance of the ER liquid
corresponding to a relative increase in electroviscosity,

v
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Fig. 9 The dependence of ER performance, e, on the shear rate,y, of
15 wt.% suspension of TiO,/PPy particles in M15 (filled inverted
triangle) and M200 (filled triangle) silicone oil
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Fig. 10 Double-logarithmic plot of the shear stress, 7., vs. electric
field strength, E, for 5 wt.% suspension of TiO, (filled circle) and
TiO,/PPy (filled triangle) particles in silicone oil M15

Ang=ng—mn, due to electric field application can be
expressed as e=(ng—1))/no, where ng is a viscosity of ER
structure [23]. It is worth to noting here the case of
nanoparticles-based ER fluids providing a giant ER effect
[24]. Unfortunately, no information about ER performance
has been found in the literature dealing with such systems.
However, one can expect that the ER performance could be
comparable with conventionally used ER systems due to
very high off-state viscosity of giant ER fluids, which could
also be a problem in some practical applications.

In our study it is obvious that the ER efficiency is
significantly higher for system based on coated particles
due to higher viscosity in the low-shear rate region under
electric field applied and lower field-off viscosity (Fig. 6).

Steady-state flow properties
The rigidity of the particles chain structure in suspension of

TiO,/PPy particles under electric field influence steeply
increased with particle concentration. The shear stress of

102 - T T =
[ ] — 1 ]

NP RSV

100 L 1
0 2000 4000 6000

t[s]
Fig. 11 Time dependence of the shear stress, 7, in the alternate switching

on (E=1.5 kV mm YYoff regime of 15 wt.% suspension of TiO,/PPy
particles in silicone oil M15 at the constant shear rate 7 = 5 s~
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Fig. 12 Storage, G', (solid symbols) and loss, G", (open symbols)
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25 wt.% suspension at low shear rates at the field strength
3 kV mm ' reached about 0.7 kPa (Fig. 7). However, due to
steeper increase in the field-off value, the performance with
particle concentration decreased (Fig. 8).

The higher viscosity of suspension medium caused lower
relative increase in electroviscosity and, consequently, lower
ER performance (Fig. 9).

The response to the electric field

The determination of the dynamic yield stress by extrapo-
lation of the shear stress to zero shear rate is problematic
because of unsteady flow at low shear rates caused by
deformation, destruction, and reformation of formed chain-
like and columnar ER structures [25]. Thus the shear
stresses, 7., at the low shear rates y, = 0.5 s~! have been
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Fig. 13 Storage, G', (solid symbols) and loss, G", (open symbols)
moduli vs. angular frequency, w, for 25 wt.% suspension of TiO,/PPy
particles in silicone oil M 15. Electric field strengths £ (in kilovolts per
millimeter): 0 (filled circle, empty circle), 3 (filled triangle, empty
triangle)
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used as a criterion of rigidity of static particle chain-like
structure. The dependence of this quantity on the electric
field strength, £, (Fig. 10) illustrates the improvement in the
ER activity of TiO, hollow clusters by PPy coating. The
linear log—log plot of 7. vs. E obeys the power law 7.=q E,
where the response of particles on the electric field
strength a=1.46-1.58 corresponds to the theoretical
predictions for well-developed ER structure (a=1.5)
[26]. The higher g value for suspension of TiO,/PPy
particles confirms strong increase in ER efficiency due to
particle coating.

Reproducibility of ER structure

The reproducibility of ER phenomenon is another basic
factor for the use of ER liquids in practice. Thus, the
alternate switching on and off the electric field should
provide the same increase or decrease in suspension
viscosity and reach during milliseconds virtually the same
ER structure. Figure 11 demonstrates that the shear stress
reached after switching on/off cycles with 15 wt.% ER
suspension based on TiO,/PPy particles in silicone oil M15
sheared at 55" and 1.5 kV mm ™' fulfills the requirements.

Dynamic oscillatory experiments

The formation of the internal chain-like structure of
polarized particles under electric field application is also
accompanied by a change of viscoelastic characteristics.
Figure 12 depicts the dependence of G’ and G” on the strain
amplitude () in oscillatory flow for 25 wt.% TiO,/PPy
particles suspension. Without the electric field, the viscous
modulus, G”, in the suspension is dominant over elastic
one, G'. When the electric field is applied, however, G’
becomes significantly higher than G” in the linear visco-
elastic region and both moduli increase rapidly in several
orders of magnitude from their electric field-off values.
When the strain acting on the internal structure increases
beyond a certain degree, the elastic and viscous moduli
intersect each other (G’ = G"), the chain structure of the ER
fluid breaks rapidly and the system starts to flow [27].

For practical applications it is important to know the
moduli in linear viscoelastic region and their angular
frequency dependence. Figure 13 presents the change in G’
and G" of 25 wt.% suspension of TiO,/PPy particles at the
small strain of 3x10™* under electric field strength
3 kV mm . In the absence of electric field, G’ and G”
exhibited the similar values. Relatively high G’ is probably
due to the presence of irregular shaped TiO,/PPy particles,
which can form aggregates in the flow even in the absence of
electric field, and so increase the elastic portion within the
ER suspension. Under electric field application, unlike G” an
increase in G’ about two orders of magnitude was much

higher. The elastic modulus was substantially larger than the
viscous modulus and the ER suspension exhibited solid-like
behavior, i.e., G' became nearly independent of frequency.
This plateau of the frequency-dependent viscoelastic modu-
lus is a characteristic of aligned 3D microstructures under
electric field application [28].

Conclusions

Hollow globular clusters of titanium oxide nanoparticles
coated with polypyrrole were prepared as a dispersed phase
of a novel ER fluid. The steady-state flow and dynamic
measurement showed that unlike mere uncoated particles,
their ER efficiency after polypyrrole coating was signifi-
cantly higher. This result is in good agreement with the
dielectric properties indicating higher particles polarizabil-
ity and lower relaxation frequency. The reproducibility and
speed of the formation and breaking of the ER structure met
the requirements. The performance characterized by a
relative increase in electroviscosity appeared to be signif-
icantly affected by particle content and viscosity of
suspension medium.
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Abstract

Rod-like titanium dioxide (TiO;) particles were synthesized by a simple and rapid
microwave-assisted molten-salt method. The X-ray diffraction analysis revealed that phase
composition transform from anatase phase of TiO, starting nanomaterial to the rutile phase of
high crystallinity. The scanning electron microscopy proved the conversion of originally
spherical particles of starting anatase TiO, having the size from 200 to 500 nm into rods with
the length from 5 to 10 um and the diameter from 0.5 to 2 ym. The ER measurements
performed under steady-state flow showed that suspension of rutile rod-like TiO, particles-
based fluid exhibits much higher ER activity than that of anatase starting TiO, material
particles. These observations were further clarified well in a view of their dielectric spectra
analysis. The changes in ER properties of studied fluid as a function of the applied electric

field strength and particles concentration were also performed.

Keywords: Electrorheology, Titanium oxide, Rod-like particles, Rutile, Anatase, Microwave-

assisted molten-salt method, Dielectric properties



1 Introduction

Electrorheological (ER) fluids are basically two phase systems consisted of polarizable
semiconducting particles homogenously dispersed within the insulating carrier liquid. These
systems evoke expressive research and applicative interest by means of their phase-
controllable behaviour under external electric field. In principle, the imposed electric field
polarizes originally randomly dispersed particles and, consequently, the chain-like or
columnar internal structure of particles spanning the gap between electrodes is formed [1-4].
In other words, ER fluids are able to change their rheological properties such as shear stress,
apparent viscosity or viscoelastic moduli in several orders of magnitude in the presence of
external electric field. All the changes generated within the system are moreover very rapid
and reversible. Such electric field-dependent behaviour can be used in various damping
systems, hydraulic valves or clutches [5].

Recently, the development in fabrication of one dimensional inorganic particle has passed
considerable progress. These materials seem to be very promising as a dispersed phase of
novel ER fluids since they exhibit enhanced polarizability and so improved ER performance
under external electric field compared to classical globular particular systems [6-9]. The
previous studies concentrated on the synthesis of one dimensional particle suitable for ER
fluids were based on hydrothermal methods under alkali condition [10,11]. However, these
methods are time-consuming and the use of hydroxides under high temperature and pressure
can be dangerous for the human as well as for environment.

This paper is focused on the study of the ER properties of suspensions of rod-like titanium
dioxide (TiO,) particles prepared by molten-salt microwave-assisted method [12]. Molten-salt
synthesis is one of the simple one-step methods to obtain desired product with high
crystallinity and is based on the use of low-melting solvent to accelerate diffusion and thus
formation of required structure. While further introducing microwaves into the synthesis
process, uniform heating can provide faster reaction in comparison to conventional heating.
Correlation of the steady shear ER behaviour of particle suspensions of both TiO, varieties

with dielectric properties has been performed.

2 Experimental

2.1 Materials

Titanium(IV) dioxide powder consisted of anatase crystalline phase (99.8 % trace metal

basis, Sigma-Aldrich, USA) was used as a precursor for the synthesis. Sodium chloride



(NaCl, Penta, Czech Republic) and sodium phosphate dibasic dodecahydrate (Na,HPO4-12
H,0, Penta, Czech Republic) which has an eutectic at 735 °C while molar ratio of disodium
phosphate is 20 % [13] were used as a molten environment. All chemicals were used without

further purification.

2.2 Synthesis of rutile TiO, rod-like particles

TiO, rod-like particles were obtained applying a simple and rapid microwave-assisted
molten-salt method in the presence of molten sodium salts flux (Fig. 1). The first step of
synthesis was grinding of TiO, powder with eutectic mixture of NaCl/Na,HPO,4-12 H,O in
a mortar for 10 min in order to obtain homogenous reaction mixture. The ratio of raw material
to the flux mixture was set 4:5. This mixture was subsequently poured into the corundum
crucible and covered by corundum lid. Crucible was placed into the special ceramic kiln
suitable for heating in microwaves. Inside of the cover of this kiln is coated by microwave
absorbing layer which speeds up heating while exposed to microwaves and, thus, enables
rapid rise of the temperature inside the kiln. The kiln was placed into the cavity of common
domestic microwave oven and exposed to microwaves for 30 min at 750 W. After the heating,
kiln was removed from the oven and allowed to cool to room temperature. Obtained powder
was washed several times with demineralized water, filtered off and as-prepared product was

dried at 60 °C in the vacuum for 24 h.

750 W
30 min

+ NaCl/NazHPO4. 12H20 —_—

(eutectic mixture)

anatase TiO, rutile TiO,

Fig. 1 Schematic illustration of the formation of rutile TiO, rod-like particles

2.3 Particle characterization

The crystallinity and phase composition of starting TiO, with anatase phase and prepared
particles were examined via the X-ray diffraction (XRD) patterns collected on an X'Pert PRO
(Philips, the Netherlands) diffractometer with Cu K,; radiation (A = 1.54 A) and scanning rate

of 4° min™" for the recording data in the wide range of 26 = 10° — 95°. Moreover, the obtained



patterns were evaluated by a semi quantitative analysis performed by PANalytical X'Pert
High Score works on the basis of reference intensity ratio values.

Elicited TiO, phases of anatase starting material and prepared rod-like particles from
powder XRD patterns are shown in Fig. 2. It is worth noting that there are presented also
diffraction peaks of anatase phase in the XRD pattern of prepared rod-like particles. However,
the crystalline ratio is 92 % of rutile and 8 % of anatase in the sample according to the semi
quantitative analysis of XRD pattern. Moreover, the narrow and most intensive peaks signify
very good crystallinity and can be indexed to the tetragonal rutile phase according to JCPDS
card No. 21-1276 with lattice constants a = 4.593 A and ¢ = 2.959 A. Hence, the use of
molten-salt microwave-assisted synthesis with reaction time of 30 min is sufficient for the

TiO; phase transformation from anatase phase to rutile phase with high crystallinity.
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Fig. 2 Powder XRD patterns of the starting anatase TiO, particles (a) and prepared rod-like
TiO, particles (b)

The size and morphology of studied particles were further observed with SEM (Scanning
Electron Microscope VEGA II LMU, Tescan, Czech Republic) operated at 30 kV for the
starting anatase TiO, and 10 kV for the prepared rutile TiO, (Fig. 3). As can be seen, the
starting TiO, particles of anatase phase have rather spherical shape with the size ranging from
200 to 500 nm. On the other hand, TiO, particles of rutile phase prepared via molten-salt
microwave-assisted synthesis have rod-like shape with the length from 5 to 10 um and the
diameter from 0.5 to 2 pm. Correspondingly, the geometric aspect ratio, L/D, of prepared

TiO; particles is ranging from 2.5 to 20.
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Fig. 3 SEM images of starting anatase TiO; (a) and prepared rutile TiO, (b) particles prepared

via molten-salt microwave-assisted synthesis

2.4 Preparation of ER fluids

The ER fluids (5, 10, 15 wt.%) were prepared by mixing anatase powder or rutile TiO, rod-
like particles with a corresponding volume of silicone oil (Lukosiol M200, Chemical Works
Kolin, Czech Republic, viscosity #. =200 mPa-s, density p. =0.965 g-cm_3, conductivity
0.~ 1071 S-cm_l, relative permittivity &'c=2.6, loss factor tan ¢ =0.002). To avoid the
influence of moisture the silicone oil was dried at 80 °C for 24 h. The ER fluids were stirred

mechanically and then placed in an ultrasonic bath for 60 s before each measurement.

2.5 Electrorheological measurements

Measurements of rheological properties of prepared ER fluids were carried out at 25 °C
using a rotational rheometer (Bohlin Gemini, Malvern Instruments, UK), with coaxial
cylinder geometry (length 27.4 mm, inner cylinder of 14 mm in diameter and the outer
cylinder separated by a 0.7-mm gap), modified for ER experiments. A DC voltage (0.35 kV
until 2.1 kV) corresponded to the electric field strength range 0.5 — 3 kV-mm™' was generated
by a DC high-voltage source TREK (TREK 668B, USA). A DC voltage was applied for 60 s
to generate the equilibrium chain-like structure of particles before shearing. All steady-flow
tests were performed in the shear rate range 0.1 — 300 s~ (controlled shear rate mode). After
the measurement at given electric field strength, the formed internal structure within the fluid
was destroyed by shearing of the sample at a shear rate 20 s for 120s prior to

characterization at a different electric field values.



2.6 Dielectric properties

Dielectric properties involving the frequency spectra of relative permittivity, ¢, and
dielectric loss factor, &", in the frequency range 4x10" - 5x10° Hz have been measured with
an impedance analyzer (Agilent 4524, Japan). The dielectric spectra (Fig. 4) characteristics of
ER fluids were obtained from the Havriliak—Negami empirical model (Eq. 1) fitted by least
square method [14]:

e*=gly +M

(1+(ia"trel)ajb 1)
where ¢* 1s a complex fluid permittivity, the particle polarizability, Ag', is defined as the
difference between & and ¢',, which are the limit values of the relative permittivity at the
frequencies below and above the relaxation frequencies, w is angular frequency (= 27f), t. 1s
the relaxation time, a is the scattering degree of relaxation times, and b is related to the
asymmetry of the relaxation time spectrum. The relaxation frequency, at which the dielectric

loss factor &” has a maximum, is proportional to the rate of polarization of suspension

particles.
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Fig. 4 Relative permittivity, &, (a) and dielectric loss factor, ¢”, (b) as a function of the
frequency, f, for 5 wt.% suspension of starting anatase TiO, particles (O) and prepared TiO;

rod-like particles (A)

Table 1. Dielectric parameters in Eq. 1 for starting anatase TiO, particles and prepared rod-

like TiO; particles based ER fluids of 5 wt.% concentration

Parameter Anatase TiO, TiO, rod-like
& 3.1 3.3
&' 2.93 3.07
A& 0.17 0.23
frel 3.00 x 107 9.06 x 107

3 Results and discussion

3.1 ER activity and dielectric properties

The curves of the shear stress and viscosity versus shear rate for the starting anatase TiO,
particle and prepared rutile TiO, rod-like particle based ER fluids are plotted in Fig. 5. The
field-off shear stress depends almost linearly on the shear rate indicating a Newtonian flow of
non-polarized particles (Fig. 5a). Viscosity of the starting anatase TiO, particle based ER fluid
predominates (Fig. 5b) probably due to the nano-sized nature of particles having much larger
surface area. Under electric field application, both ER fluids exhibit a typical Bingham plastic
behaviour in the low-shear rate region, showing the prevalent feature of the ER activity. The
flow became pseudoplastic, and the ER response of rutile TiO, rod-like particles was higher
as the stronger chain-like structure developed due to better particles polarization [15]. Both
systems show also typical shear thinning behaviour as the deformation rate of chain-like
structure given by hydrodynamic forces becomes faster than its reformation rate given by
polarization of particles with an increase in the shear rate. Generally, the chain-like structure
is formed by induced electrostatic interactions between dispersed dielectric particles which
are caused by their interfacial polarization. The dielectric spectra (Fig.4) and their
characteristics in the Table 1 indicate that rod-like TiO, particles exhibit enhanced magnitude
of particle polarizability, A¢’, and decreased the relaxation time, ., compared to starting

Ti0O; particles due to higher induced charges on the interface between the particle [16].



[T N | AR | AR | T
{AAAAAAAAAAAAAAAAAA“
10°F 81
3 o?
E °?
(0000000000 0000°® 0
10'F a ;
— g@
© ®
=) gg
e 10°F E
,2%"
[ O A
10" E QOXA 3
EOAD (a)
[A
102 _::: -
1035—AAA 3
ot (b)
P A
- . AA
2L [ ) .
'_‘10 ° AA
[ L4 A
P ®e ‘i
n._‘.101_ .. AA 4
= ° N
L .. AA
1OOE_ooo ..'o a3
E 0000 b4
ALAAAARRRRRRRRRAAAAAN
10—1 sl P | P | P |

10" 10° 10’ 10
7Is7]
Fig. 5 Double-logarithmic plot of the shear stress, 7, (a) and the apparent viscosity, 7, (b) vs.

shear rate, y, for 15 wt.% suspension of starting anatase TiO, (@,0) and prepared rutile TiO,

rod-like (A,A) particles in silicone oil M200. The electric field strengths (kV-mm_l): 0
(0,0),3(®,A)

3.2 Steady-state flow properties

As a representative of rutile TiO, rod-like particles, Fig. 6 shows typical flow and viscosity
curves for 15 wt.% ER suspension under different electric field strengths. It is noteworthy that
the peak in the shear stress develops during shearing of the suspension at moderate shear rates
in higher electric field strengths. This phenomenon is attributed to the rearrangement in the
ER structures from chain-like structures to lamellar ones due to the lowering of the free

energy in the system [17,18].
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Fig. 6 Double-logarithmic plot of the shear stress, 7, (a) and viscosity, 7, (b) vs. shear rate, 7,
for 15 wt.% ER fluid of rutile TiO, rod-like particles in silicone oil M200 at various electric

field strengths, E (kV-mm_l): Ol 1A.203V

Furthermore, the value of electric field-off viscosity is another important factor for the
evaluation of the efficiency of ER phenomenon for practical use. The efficiency of the ER
effect corresponding to a relative increase in electroviscosity, Ang=#ng—10, can be
characterized by a quantity e = (yg — 70)/n0, where 7g 1s a viscosity of ER structure [19]. The
ER efficiencies for ER fluids based on rutile TiO, rod-like particles of different weight
concentrations are shown in Fig. 7. Obviously, the efficiency of ER fluid increases with the
particle concentration indicating that the maximal concentration for which the ER efficiency
will attain a maximum, ey, Was still not reached in this study. Comparing these results with
those obtained for ER fluids consisted of spherical rutile TiO, particles [20], it is evident, that
rod-like particles posses higher ER efficiency probably due to lower field-off viscosity and

higher particle polarization both given by one dimensional morphology of particle.



T T Ty T |
[v
.2'7
1wl 2e7 3
E e_V 3
E [ v 3
3 e Vv
n.'v
v
10 F .. v 3
| e Y
el o "
(0] Py v
1 e Y
10°F e Y E
e _ Y,
2. v ]
A:.V'
10° F 4
A @]
:--I aaal 1 aaal aal 1 f:
10 10° 10’ 107
y1s7]

Fig. 7 The dependence of ER performance, e, on the shear rate, 7, for suspension of rutile

TiO; rod-like particles in silicone oil M200. Particle concentrations (wt.%): 5 A, 10 @, 15 V¥

3.3 The response to electric field

The increase in the rigidity of formed internal structures within the ER fluids with electric
field applied 1s shown in Fig. 8. The shear stresses, 7., at low shear rates y=0.23 s have
been used as a criterion of rigidity of static particle chain-like structure due to the problematic
determination of dynamic yield stress by extrapolation of the shear stress to zero shear rate.
Evidently, the log z. vs. log E obeys the power law 7. = q - E*. The response of particles on
the electric field strength =2 as expected from polarization model [21]. The almost one

order of magnitude higher g value for suspension of rod-like TiO, particle confirms strong

increase in ER activity.
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Fig. 8 Double-logarithmic plot of the shear stress, z, vs. electric field strength, E, for 15 wt.%

suspension of starting anatase TiO, (@) and rutile TiO, rod-like (A) particles in silicone oil
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3.4 Reproducibility of ER structure

The reproducibility of ER phenomenon is also very important factor for practical
application of ER fluids. The alternate switching on/off the electric field should provide the
same ER efficiency, i.e. the same ER structure should be formed rapidly. Fig. 9 depicts that
the reproducibility after switching on/off cycles for rutile TiO, rod-like particles based ER

fluid sheared at 1 s~ and 1.5 kV-mm " is fulfilled.
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Fig.9 Time dependence of ER performance, e, in the alternate switching on
(E = 1.5 kV-mm ")/off regime for 15 wt.% suspension of rutile TiO, rod-like particles in

silicone oil M200 at the constant shear rate y = 1 st

4 Conclusions

Rutile TiO, rod-like particles were prepared via microwave-assisted molten-salt synthesis as
a dispersed phase of a novel ER fluid. To gain an insight into the ER activity of these particles
based ER fluids, rheological properties were evaluated under various experimental conditions,
such as shear rate, electric field strength, and particle weight concentration. The steady-state
flow measurements showed that the ER efficiency of rod-like TiO, particles was significantly
higher compared to starting anatase TiO, particles. Moreover, the higher ER activity was in a
good correlation with dielectric spectroscopy measurements as the particles polarizability was
improved and relaxation time lowered for rod-like particles. The maximal ER efficiency was
moved to higher weight concentrations for rod-like particles used as a dispersed phase
probably due to lower field-off viscosity and better particle polarization. Finally, the
reproducibility and speed of the formation and destruction of ER structure met the

requirements for practical applications.
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