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Montmorillonite clay particles coated with magnetite nanoparticles suspended in aqueous
media behave as magnetorheological fluids with enhanced stability as compared to
conventional ones. In this work the study of the magnetorheological behavior of these
suspensions of magnetite-clay composite particles has been carried out. For this purpose
both steady and dynamic rheological measurements were carried out in the absence and in
the presence of external magnetic fields. In the first kind of experiments the rheograms of
the suspensions (shear stress versus shear rate plot) are analyzed as a function of the
strength of the magnetic field applied. In the second one, oscillatory stresses are applied to
the system and the storage modulus is studied as a function of the external magnetic field.
In the absence of magnetic field, the suspensions develop a weak yield stress due to the
aggregation of the magnetite covered clay particles. In the presence of magnetic field, the
yield stress is strongly dependent on the magnetic field strength inside the samples,
demonstrating that the suspensions experience a magnetorheological effect, moderate when

the magnetic field strength is weak and stronger for values of magnetic field higher than
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150-200 kA/m. This change of regime for the dependence of the yield stress with the field
shows up fitting the oy = oy (H) curve: two different power laws are used for the values of
magnetic field strength smaller and higher than 150-200 kA/m.The results are interpreted
by means of a model that relates the structure of the particles in the suspensions to the
magnetic field applied and using the interaction energy between particles calculated by the

extended DLVO theory to include magnetic interaction.

. INTRODUCTION

Conventional magnetic fluids are composed of ferro or ferrimagnetic particles dispersed in a
carrier liquid that can be aqueous or not aqueous. Their main feature is that their rheological
behavior can be controlled by means of external magnetic fields. These are capable of making the
fluid to undergo a transition from a Newtonian liquid when there is not a magnetic field, to a plastic
fluid when a magnetic field is applied. This transition, called magnetorheological (MR) effect™? is
due to a process of particle chaining favored by the magnetic attraction between the magnetic
dipoles induced by the field.

The above mentioned characteristic has promoted the use of these materials in technological
applications, such as controllable dampers, shock absorbers, brakes and others.3*

The MR effect of a magnetic fluid depends on several features, as the size, shape, composition,
and volume fraction of the dispersed particles, and the strength of the applied magnetic field. The
main properties of magnetic fluids are the yield stress (minimum value of the applied stress that
provokes the flow of the suspension), the viscosity and the rate and degree to which the particles
settle.? There are different ways to enhance the MR effect. An increase in the volume fraction of

the particles in the suspension is one of these ways, as it usually provokes an increase in the field-



induced yield stress. But a rise in the volume fraction of the particles also increases the viscosity
of the suspension in absence of external magnetic field and the degree of settling of the particles

in the suspension.

The size of the particles plays an important role in the behavior of the fluid. On one hand,
micron-sized particles provide a higher MR response,® but as the particles are bigger, the
sedimentation becomes more important and particles larger than about 10 um tend to settle rapidly
even with the addition of additives. On the other hand, nanoparticles settle more slowly and
sometimes are even stable against sedimentation, but they give rise to smaller MR effect.

Moreover, in most of the magnetic fluids the sedimentation of the particles occurs due to the
difference in density between the particles and the carrier liquid. Once settled, the particles form
packed sediments caused by remanent magnetization and they are not easily redispersed?. In order
to avoid the settling of the particles and the formation of the sediments, both the particles and the
carrier liquid can be modified. The addition of special additives, such as surfactants, nanoparticles
and other particles has been studied in order to overcome the problems associated with settling.®-
12 Changes in the shape of the particles’1%?! or adding of elongated ferromagnetic particles to
magnetic fluids of spherical particles’?? have been explored also to reduce the sedimentation.

In previous works?>?* we studied the aggregation and sedimentation behavior of magnetic fluids
consisting of aqueous suspensions of magnetic particles composed by a clay core of sodium
montmorillonite covered by a shell of magnetite nanoparticles. For diluted suspensions,?® we
proved that the sedimentation rates of the particles are slower than those obtained in suspensions
of micron-sized magnetic particles. In the case of concentrated suspensions of magnetite-covered

clay particles, the very slow gravitational settling makes these fluids behave as stable magnetic



fluids because they do not suffer of the usual phase separation observed in suspensions of pure

ferri or ferromagnetic micron-sized particles.

In order to check if these fluids can be considered as a real alternative for formulating magnetic
fluids in which the settling and redispersion difficulties are reduced, their magnetorheological

behavior has to be analyzed, which is the aim of the present work.

Il. EXPERIMENTAL DETAILS
A. Materials

The sodium montmorillonite (NaMt) particles were obtained by means of a homoionization
procedure from a natural bentonite extracted from a deposit located in the southeastern region of
the Spanish peninsula (Almeria, Spain). The homoionization process, specific surface area (54.1
m?/g), surface and bulk chemical composition, and X-ray diffraction pattern were reported
elsewhere.?®?> The NaMt particles have a plate-like shape with a length of approximately 1 um
and an aspect ratio (particle equivalent diameter/thickness) of about 14.2

Magnetite nanoparticles were synthesized by the co-precipitation method proposed by
Massart,?” which consists of the following steps: (i) a solution of ferrous chloride (10 mL, 2 mol/L
FeClz in 2 mol/L HCI solution) was mixed with a ferric chloride solution (40mL, 1 mol/L) in
alkaline medium (500mL, 0.7 mol/L NHs solution) under continuous mechanical stirring; (ii)
stirring was maintained during 20 min; (iii) the obtained solid particles were settled by magnetic
decantation by means of a permanent magnet (B = 0.42 T) and the remaining ammonia solution
was discarded; (iv) then, the particles were redispersed in 2 mol/L HCIO4 aqueous solution; (v)

after a few hours, the perchloric acid solution was discarded after magnetic decantation of the



magnetite particles and, finally, the magnetite was redispersed in aqueous solution. The magnetite
particles were approximately spherical, as observed by high resolution transmission electron
microscopy, and their average diameter was 11.1 + 2.2 nm.2® The specific surface area of the
powder was 42.2 m?/g as determined by N, adsorption using the BET multipoint method in a
Quantasorb Jr. apparatus (Quantachrome, USA). The magnetization, M, of the magnetite
nanoparticles was measured at 293.0 K as a function of the applied magnetic field strength, H, in
a Manics DSM-8 magnetosusceptometer (France).

Deionized and filtered water (Milli-Q Academic, Millipore, France) was used in the preparation
of all the solutions and suspensions. The chemicals used were purchased from either Sigma-

Aldrich (Germany) or Panreac (Spain) with analytical quality, and were not further purified.

B. Preparation of the suspension

The samples used for the study of the rheological properties of the system were suspensions
with a clay volume fraction ¢c = 3% and a magnetite to clay volume fraction ratio ¢gw/¢c = 3. The
preparation of the suspensions was carried out by means of the following procedure: (i) two clay
and magnetite stock suspensions were prepared separately in 2 x 10 M NaNOjz solution and their
pH adjusted at pH = 3; (ii) proper amounts of clay and magnetite stock suspensions were mixed in
order to reach the desired ¢wm/¢c ratio and the pH was readjusted at pH = 3.

As demonstrated in a previous work,?® this procedure ensures that the clay and magnetite
particles bear opposite surface charge (clay negative, magnetite positive) at the pH and ionic
strength of the stock suspensions. After mixing the stock suspensions, the coverage of the clay
particles by the magnetite ones was favored by the electrostatic attraction between them. The

formation of clay-magnetite composite entities was demonstrated by carrying out a



characterization of the resulting solid particles and suspensions that included the magnetic

properties, electron microscopy pictures, and electrophoretic measurements [see Ref 23].

C. Methods

The rheological measurements were performed in a controlled rate magnetorheometer (MCR

300, Anton Paar-Physica, Germany) with parallel-plate geometry (diameter 20 mm; gap 0.35 mm),

at least 24 h after the preparation of the suspensions. The magnetic field was applied by means of

a coil placed below the bottom plate of the rheometer, which gives a magnetic field strength Ho =

343 kA/m in the air gap between the plates for the maximum electric current applied (2 A).

In order to characterize the rheological properties of the suspension two kinds of measurements

were performed:

(i)

(i)

Steady-state regime measurements: the samples were subjected to a shear rate ramp
between 10 and 1000 s and the corresponding shear stress and dynamic viscosity
were recorded as a function of the shear rate. This kind of plot is called rheogram. The
applied shear ramp was logarithmic, the number of data recorded was 60 and the time
between each of them was 5 seconds.

Dynamic rheological experiments: A ramp of sinusoidal stress with constant frequency
f = 1 Hz and variable amplitude between 0.1 and 100 Pa was applied and the storage
modulus, G, and the loss modulus, G*’, were obtained as a function of the stress
amplitude. The applied stress ramp was logarithmic, the number of data recorded was
40 and the time between each of them was 15 seconds. The storage modulus, G, is the
real part of the complex rigidity modulus, G, that relates the sinusoidal stress and the
sinusoidal strain, both in their complex form. G’ is proportional to the storage power

per volume unity in the suspension during a quarter of cycle.?® The complex part, G,



of the rigidity modulus is called loss modulus and it is proportional to the dissipated

power by viscous friction.

TABLE I. Magnetic flux density and magnetic field strengths corresponding to the electric current applied in the coil of the
magnetorheometer in the different measurements.

1 (A) B (mT) H (kA/m) 1 (A) B (mT) H (kA/m)
0.1 13.7 10.9 11 216 171.9
0.2 31 24.7 1.2 235.5 187.4
0.3 51 40.6 13 254.1 202.2
0.4 71.6 57 1.4 2716 216.1
0.5 92.3 73.5 15 287.9 229.1
0.6 1135 90.3 16 303.2 241.3
0.7 134.5 107 17 317.3 2525
0.8 155.2 1235 18 330.4 262.9
0.9 175.6 139.7 1.9 342.8 272.8
1 196 156 2 354.5 282.1

In order to ensure the reproducibility of the experiments in both sets of measurements, before
the application of the shear ramp, a pre-shear in the post-yield regime was applied during 20 s,
followed by an equilibrium time of 60 s. The magnetic field was introduced at the end of the pre-
shear step and was maintained along the whole equilibrium time and sweeps.

Different measurements with electric current applied from 0 to 2 A with a step of 0.1 A between
them were carried out. The magnetic field strengths corresponding to these currents are displayed

in Table I.

I11. RESULTS AND DISCUSION
A. Magnetic properties
Figure 1 shows the magnetization curve of the synthetic magnetite powder. As observed, a

saturation magnetization Ms ~ 427 KA/m was obtained. This value is lower than that obtained for



micron-sized synthetic magnetite (Ms = 570.7 kA/m)? and, as expected, larger than that of micron-

sized cobalt ferrite particles (Ms = 270 kA/m)*. The value reported in the literature for pure

magnetite is Ms = 510 kA/m?*!,
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FIG 1. Magnetization curve of magnetite nanoparticles (m) and magnetite-covered clay particles with gw/¢c = 3 (o).
Continuous line corresponds to the Fréhlish-Kennelly law fitting

In Figure 1 the magnetization curve for the magnetite-covered clay particles with ¢w/¢c = 3 is

plotted as well. In this case, the saturation magnetization is lower than the corresponding to the

magnetite particles.
More information about the magnetic properties of the synthesized magnetite nanoparticles and

magnetite-covered clay particles can be found in previous works.?3 32

B. Interaction energy between particles



In order to study deeply the rheological behavior of the suspensions, the analysis of the
interaction energy between particles by means of the extended DLVO theory will be necessary.
This theory takes into account electrostatic (EL), Lifshitz-van der Waals (LW), and hydration or

acid-base (AB) interactions.3*34

N

(c) (d)

FIG 2. Schematic drawing of the (a) oblate spheroid geometry assumed for magnetite-covered clay particles. (b), (c),
and (d) different orientations between particles: face-to-edge (b), edge-to-edge (c), and face-to-face (d).

Considering the plate-like geometry of the magnetite-covered clay particles, three possible
orientations exist between them: face-to-face (F-F), face-to-edge (F-E), and edge-to-edge (E-E).
The energy of interaction between two similar surfaces (F-F, E-E, F-E) (phase 1) separated by a
surface-to-surface distance h, and immersed in an aqueous medium (phase 2) of moderate ionic
strength can be calculated, assuming moderate surface potentials, by:333435

Vi = ;—K 2¢ ?[1— coth (kh)+ cos ech(xh)] 1)
T
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where ¢ s the dielectric constant of the medium, x the reciprocal Debye length, A12: the Hamaker
constant, ho (0.158 nm) the minimum separation distance between surfaces (for h < ho, strong Born

repulsion would appear), 7, the surface free energy components of the solid surface (see Table
1) and the surface tension components of water ( ;" = 21.8 mJ/m?; y; =y; =25.5mJ/m?), and 1

the correlation length of water molecules (4 = 1 nm for hydrophilic surfaces).

TABLE Il. Surface free energy components (in mJ/m2) of magnetite and sodium montmorillonite (NaMt) obtained
from contact angle measurements. s+ Lifshitz-van der Waals; »*: electron-acceptor; y: electron-donor.

. 7P 7

Magnetite 49.3+£0.2 0.17+£0.01 554£0.3

NaMt 442+04 0.0+ 01 60.6+0.5

3W s the Lifshitz-van der Waals component
®»* is the electron-acceptor component
¢ ¥ is the electron-donor component

The equations (1-3) give the total energy per unit surface area V53" (J/m?), but to obtain the
total interaction energy V™°T (in Joule or better in kT units, k Boltzmann constant, T temperature)
V52" must be multiplied by the estimated area of the clay-magnetite faces and edges. The surface
area of faces (Sr) and edges (Se) can be estimated as Sk~ a2 and Sg ~ b? (see Figure 2). In Figure
3 the total energy of interaction between the clay-magnetite particles (¢w/¢c = 3) as a function of
the surface-surface separation is represented for the three orientations. At short distances between

the particles (~ 10 nm), both the electrostatic and acid-base interactions are repulsive, while the

10



van der Waals one is attractive. As observed in Figure 3, whatever the relative orientation between

the particles, a potential well exists for h ~ 10 nm that favours aggregation in the suspension. Due

to the larger surface area and the lower axis length, the most favorable aggregation process

corresponds to the face-to-face orientation.
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Figure 3 Total interaction energy between magnetite covered clay particles for the three different orientations as a
function of the surface-to-surface distance h. Solid lines: without magnetic interaction energy. Dashed lines:
considering the magnetic interaction energy (magnetic field strength used for the calculation H = 10.9 kA/m)

On the other hand, when an external magnetic field is applied, the magnetic interaction energy

between the particles has to be considered. For this reason the DLVO theory is extended to include

magnetic interaction between aggregates.
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As a first step to calculate the magnetic interaction energy, the magnetic moment of the
magnetite-covered clay particles has to be estimated. The magnetic moment of an isolated particle,
of relative magnetic permeability 4 surrounded by a medium of relative permeability um and

placed in an external magnetic field is:®

/up -1 - 4
:um_N(;up _1)H0 ( )

m= 4,V

where o is the vacuum permeability and V, the volume of the particle. N is the demagnetizing
factor that depends on the particle shape and the relative orientation of the particle in the external
field, H,.

Taking into account the plate-like geometry of the clay core in the magnetite-covered clay

particles, the composite particles can be supposed as oblate spheroids. The relative permeability

of these particles can be calculated by means of:*

_9B 5
1= NG )

Uy, = 1+
where ¢ is the volume fraction of magnetite in the magnetite-clay composite particles, and j is the
magnetic contrast factor that, taking into account that the clay particles have a relative magnetic

permeability equal to one, is given by:

Hpm -1 (6)

] )

being pm the relative magnetic permeability of the magnetite nanoparticles. The value of zpm is
obtained by means of the magnetization curve of the magnetite particles shown in Figure 1. The

magnetization data can be fitted by the Fréhlish-Kennelly law:®

H
I ILL N )
1+ 7, /MH
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where yi, the magnetic susceptibility at H — 0, and Ms the saturation magnetization, are the fitting
parameters. The values corresponding to the best fit are Ms = 448 KA/m and i = 9.03. Then, zpm

= ; + 1=10.03. This Msand zpm values are well into the range giving in literature for magnetite

solid particles.?®*°

The demagnetizing factor for an oblate spheroid having two long axes k times the length of the

axis of symmetry, and magnetized parallel to a long axis is given by:404

S ((k2-2f*) 1
NXNyZ{—[k21]3/2arc5|n( " J kz—l} (8)

and for an oblate spheroid magnetized along its short axis:

B K1 (k2 -1}
Nzl—ZNsz_l{l (kz_l)marcsm[—k J} 9)

In order to estimate the axis ratio, k, the size of the magnetite-covered clay particles is calculated

considering the size and density of the clay and magnetite particles and the volume fraction ratio
between them in the composite particles.
Once the magnetic moment of the particles is calculated by means of Eq. 4, the magnetic

interaction energy can be determined by:

1 (m-m 3/ Ve
Edd = 472_/10 [%_F(ml'rxmz r)} (10)

where m,and m, are the magnetic moments of two different magnetite-covered clay particles, and

r is the distance between the centers of the particles. Considering that the magnetic moments are

parallel and oriented head-to-tail, the equation can be rewritten:
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Figure 3 shows the total energy of interaction between magnetite covered clay particles with
ol gc = 3 as a function of the surface-to-surface distance, h, for the three possible orientations,
adding the magnetic interaction to the EL, LW and AB contributions (dashed lines). The value of
the magnetic field strength used to calculate the magnetic interaction shown in Figure 3 is H =
10.9 kA/m. In the case of face-to-edge and edge-to-edge orientations, the magnetic interaction is
much lower than the sum of the other contributions. Thus, the total interaction energy does not
change with the addition of the magnetic one. However, in the face-to-face orientation, the
attractive magnetic interaction is comparable to the others. Hence, the total interaction becomes
more attractive and the aggregation between particles in this orientation is more probable when an

external magnetic field is applied.

C. Steady state measurements. Yield stress

Figure 4 shows the rheograms obtained for the different magnetic field strengths. The shape of
the curves indicates that the suspension shows a plastic behavior, not apparent in the absence of
the external magnetic field, when the suspension behaves almost like a Newtonian fluid. In reality,
a small yield stress (minimum value of the stress that provokes the flow of the suspension) due to
the aggregation of the magnetite covered clay particles can be observed even in the absence of
external magnetic field.

One of the main features of the plastic behavior is the existence of a yield stress (minimum
value of the applied stress that makes the suspension to flow). In the case of magnetic suspensions
two different yield stresses are usually considered. The first one is the static yield stress, which is
the minimum value of the stress for breaking the junction between the chains of particles (or the

14



structure formed by the particles due to the external field) and the upper plate of the rheometer.
The second one is the dynamic yield stress, which is the stress required to destroy the structures
that are rebuilt in the presence of the applied field. The static yield stress can be estimated as the
value of stress corresponding to the plateau of the rheogram in logarithmic scale, and the dynamic

yield stress is the origin ordinate of the lineal fit of the last points of the rheogram in linear scale.
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FIG 4. Rheograms of the suspension for the different magnetic fields applied. The strengths of the magnetic field
corresponding to each curve are shown in the legend

In the case of the magnetite-clay composite particles, we have considered the static yield stress,
because it is the yield stress used in the theoretical models that we consider. The estimation of the
static yield stress (considered as the stress corresponding to the intermediate plateau of the curves)
allows us the quantitative analysis of the magnetorheological behavior of the system. In Figure 5
the yield stress is represented as a function of the external magnetic field. An increase of the yield
stress with the external field is clearly observed. However, two different tendencies show up in the
plot. For H < 150-200 kA/m there is a low raise of the yield stress, whereas above this value the

increase becomes sharper.
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FIG 5. Static yield stress of the suspension as a function of the applied magnetic field.

However, if we observe the magnetization curve of the magnetite-covered clay particles with
ol gc = 3 (Figure 1) we see that the magnetization is close to the saturation one when H = 300
kA/m. Taking into account that the curves for the highest fields have been obtained for field
strengths between 252 and 282 kA/m, we can suppose that for these field strengths the particles
have raised a magnetization very close to the one corresponding to saturation.

The general trend of the yield stress and the plastic behavior of the suspension to increase with
the external magnetic field can be semi-quantitatively explained considering the interaction energy
between the particles and the formation of structures of aggregates in the suspension. The total
interaction energy between the magnetite-clay composite particles is attractive (Figure 3). Then
the particles form aggregates that, in the case of concentrated suspensions, span over the volume
of the suspension. When the magnetic field is not applied, a small stress is enough to break the
aggregates and the suspension flows just with a tiny stress value. On the other hand, when an
external magnetic field is applied, the interaction energy between the particles, that is attractive,

increases and the attraction between them becomes stronger. The higher the external magnetic
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field is, the more attractive the interaction energy between the particles is, and stronger the
structure and higher the yield stress become. Finally, when the saturation of the material is reached,
a further increase in the magnetic field does not cause a raise in the magnetic interaction energy
and the yield stress does not change significantly.

The magnetic interaction energy between magnetite-covered clay particles, VMA®, as a function
of the magnetic field, calculated as explained previously is represented in Figure 6 for a surface-
to-surface distance h = 10 nm and for the three possible orientations between particles. It is
apparent that the magnetic interaction is strongly anisotropic, the face-to-face orientation being the
most favored. The magnetic interaction in the face-to-face orientation becomes much stronger than

that corresponding to the other orientations as the external magnetic field is increased.

100000
80000 -
face-to-face
| 60000
3
o
£
> 40000-
20000
face-to-edge
0
5 100 150 200 250 300 350

H (kA/m)

FIG 6. Magnetic interaction energy between the magnetite-clay composed particles (¢éw/¢c = 3) as a function of the
external magnetic field for the three possible orientations between particles

The increase in the magnetic interaction provokes that the structure associated to the particle
aggregates becomes stiffer, and for this reason the yield stress of the suspension is higher when
the external field is increased: the larger the external magnetic field, the higher the shear stress

needed to break the structures and thus, to start the suspension flow.
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Nevertheless, in order to explain the change in the trend of the yield stress observed at
approximately H = 150-200 kA/m, the analysis of the total interaction energy between particles is
required. In Figure 7 the ratio between the sum of the total interaction energy (the joint
contributions of LW, EL, AB, and magnetic forces) for face-to-edge and edge-to-edge orientations
relative to the total interaction energy for face-to-face orientation is represented as a function of

the external magnetic field.
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FIG 7. Ratio between the sum of the face-to-edge and edge-to-edge interaction energies and the face-to-face interaction
energy as a function of the external magnetic field.

In the absence of the magnetic field the interaction energy of the face-to-edge and edge-to-edge
orientations represents almost 25% of the interaction energy of the face-to-face orientation. As the
magnetic field is increased this percentage becomes lower and around 150-200 kA/m it is below
5% and tends asymptotically to zero. So, when the magnetic field is not applied the contribution
of face-to-face and face-to-edge interactions is lower than the face-to-face one but it cannot be
neglected. The aggregates between particles in face-to-face orientation should represent the major
fraction of aggregates, but some face-to-edge and edge-to-edge complexes must remain in the

suspension. Hence, the structure of the particles between the plates of the rheometer can be
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considered as an ill-defined network that is stiffer the larger the magnetic field. However, when
the latter reaches a value of 150-200 kA/m, the face-to-face interaction becomes dominated by
large, and the face-to-edge and edge-to-edge interactions become negligible. In such conditions,
the structure can be imagined as a set of stacked planes (or oblate spheroids) attached to the plates
of the rheometer. This structure is stronger than the initial arrangement and for this reason the
increase in the yield stress with the magnetic field is more pronounced above H = 150-200 KA/m.

The dependence between the yield stress and the magnetic field strength can be determined
considering the standard chain model proposed by Bossis et al.** This model regards the magnetic
particles as spherical and assumes that the dominant forces under shear are the hydrodynamic and
magnetic ones. The permeability of the particles is the key parameter of the model, and depending
on its value, one can distinguish two cases. The first one corresponds to particles of high
permeability: a = wupl/ps >>1, 1o and g4 being the magnetic permeabilities of the particles and the
fluid carrier, respectively. In this case, the model for the structure is based on a cubic network of
infinite chains of particles aligned in the field direction. When the material is strained, the chains
are supposed to deform affinely with the strain; in other words the motion of the particles takes
place only along the velocity lines. The following relationship between the yield stress and the

magnetic field strength is derived:*2
o, =231y M P’ H¥? (12)
Hence, the model predicts a linear dependence with the particle volume fraction, ¢, and a field

dependence given by a power law oy ~ H¥2,
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The second case corresponds to particles with low permeability: o = /s < 5. The aggregates
formed in the presence of the field are either cylinders or stripes of internal volume fraction ¢.

The yield stress is given by:

oy  _ 3V3 (,U* )2 o(l-9)
S *
Mot H > 16 Cs + us (1_§D) (13)

where us” = (us /i) -1 is the permeability inside the aggregates; the volume fraction ¢ = @/ ¢a
represents the fraction of space occupied by the aggregates; Cs = 1 if the particles are gathered into

stripes and Cs = 2 if they form cylinders. Therefore, for a given suspension, the yield stress scales

with H2.
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FIG 8. Fitting curves of the two regions of the yield stress as a function of the external magnetic field to the potential
law oy = aH".

In our suspension of magnetite-covered clay particles, « <5 and, in principle, a scaling oy ~ H"
with n =~ 2 could be expected if the main assumptions of the model are accomplished. In order to
check this hypothesis, the two separate regions in Figure 5 can be fitted to power laws of the type:

oy=aH" (14)
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The fitting curves are shown in Figure 8 and the values of the fitting parameters (a, n) are

displayed in Table Ill. The values of n do not agree in neither of the cases considered with those

predicted by the model.
TABLE IlI. Fitting parameters obtained by fitting the two regions of Figure 8 to the potential law oy = aH"
a n r’
Region 1 0.14 £ 0.08 1.16 £0.12 0.957
Region 2 (1 £5)x108 45+0.6 0.918

This discrepancy can be explained if one takes into account that magnetite-covered units are far
from spherical in shape. In spite of that, the results clearly show the remarkable difference between
the values of n corresponding to both regions. Taking into account that the value of the exponent
in the power law is related to the particle structures formed in the suspension confined by the plates
of the rheometer, this difference supports the previous hypothesis of the existence of two
completely different structures in the suspension of magnetite-covered clay particles when the

magnetic field is below or above 150-200 kA/m.

D. Steady state measurements. Flow regime.

Figure 9 shows the viscosity as a function of the shear rate for the different magnetic field
strengths applied. A shear thinning behavior (the viscosity decreases as the shear rate increases) is
observed within the shear rate ramp applied. The magnetorheological response of the suspension
can be observed as well in the figure: the viscosity for a given shear rate increases with the
magnetic field strength. This increase is more appreciable when the magnetic field is above 150

kA/m (notice the logarithm scale).This fact also supports the previous hypothesis about the change
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in the structure formed by the magnetite-clay composite particles when the magnetic field goes

above H = 150 kA/m.
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FIG 9. Viscosity of the suspension as a function of the shear rate for the different external magnetic fields applied.

In order to analyze the viscosity results, the standard chain model is applied to the experimental

results. This models predicts the following relationship between the viscosity and the Mason
number:#?

7 =CMn~* (15)
where C = 8.82 is a constant and 7r is the specific viscosity, defined as:

Ne = =7 (16)
Py

being 7o the viscosity of the carrier liquid, 7. the viscosity of the suspension at very high shear

rates and ¢ the total volume fraction of solids in the suspension.

The Mason number is the ratio between the hydrodynamic and magnetic forces:*?

Mn=—877°7; .
Mot B°H

where z#is the relative magnetic permeability of the carrier liquid.

(17)
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If the experimental data verify Eq. 15, it means that the magnetic forces that produce the
magnetorheological effect are dipolar, and that the magnetic and hydrodynamic forces are the
dominant ones. In this case, the curves of 7 as a function of the Mason number should overlap in

a master curve given by Eq. 15.
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02728 kKA/m
10°] » 262.9 kA/m
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5 -
10" 10" 10° 10° 10 107 " 109 kAm

FIG 10. Specific viscosity, 7jr (from Eq. 16) as a function of Mason number (from Eq. 17) for different magnetic field
strengths. The straight line corresponds to Eq. 15.

Figure 10 shows the specific viscosity as a function of the Mason number for the different
applied magnetic field strengths. The values of 7., have been approximated by the final data in the
curves of Figure 9; moy u are the viscosity (107 Pa-s) and the relative permeability (1) of water
and /£ has been obtained by means of the procedure explained above (see Eq. 6 and related text).
The straight line in Figure 10 corresponds to Eq. 15. We see that the curves do not overlap,
although a tendency to overlap is observed at high field strength.

The absence of overlap can be explained taking into account that, at low magnetic field
strengths, the hydrodynamic and magnetic forces are not the dominant ones, since the van der
Waals interaction has also to be considered. As the magnetic field is increased, the magnetic
interaction becomes higher as compared with the van der Waals interaction, and for this reason the

curves corresponding to the highest magnetic field strengths overlap and are closer to the line

23



predicted by Eg. 15. Another reason for explaining the divergence between the experimental data
and the theory can be derived taking into account that the magnetite-clay composite particles are

not spherical, which is another of the hypotheses of the model.

E. Dynamic measurements. Oscillometry.

With respect to the dynamic measurements, Figure 11 shows (a) the storage modulus, G, and
(b) the loss modulus, G, as a function of the amplitude of the sinusoidal stress, for the different
values of the applied magnetic field.

The trend of the curves is the same for the different fields: an initial plateau followed by a
decreasing slope. Some of them show the beginning of a final plateau as well. The initial plateau
determines the lineal viscoelastic region (LVR) of the material and provides information about the
elasticity of the suspension (the higher G’ versus G’ in this region, the more elastic the suspension
is, whereas a lower value of the storage modulus as compared with the loss modulus indicates a
more viscous and less rigid system). The elasticity is in turn related to the particle structures in the
suspension. Figure 11 shows that the amplitude of the LVR increases as the external magnetic field
is increased. Hence, the suspension becomes more elastic when the magnetic field strength is
increased because of the increasingly stiffer structures formed by the particles.

As mentioned above, the plateau of each curve is followed by a sharp drop. The value of the
amplitude of the stress from which G’ starts to fall is called critical stress, oc. The critical stress is
related to the breaking of the three-dimensional field-induced structure and in the case of the curves
shown in Figure 11 increases as the external magnetic field is raised. This is another confirmation
of the validity of the assumption that the magnetic field strength provokes an increase in the

mechanical strength of the structure.
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FIG 11. (a) Storage modulus, G’, and (b) loss modulus, G’ as a function of the amplitude of the sinusoidal stress for

the suspension with ¢@w/¢c = 3. The different curves correspond to the different values of the magnetic field strength
shown in the legend.

In order to study these results in depth, the value of the storage modulus in the LVR (Figure
12.a) and the critical stress (Figure 12.b) are represented in Figure 12 as a function of the strength
of the magnetic field. Note how both G’ and o¢ increase with the magnetic field strength, although
their trends of variation are not monotonous within the whole magnetic field strength range. The
increase in both quantities is weaker when the magnetic field is lower than 150-200 kA/m than

above this value.
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As a consequence, from the oscillatory measurements it can be concluded that a magnetic field
strength in the range 150-200 kA/m separates two regions with clearly differentiated mechanical
properties: once this sort of critical field is reached, the field-induced structures become
increasingly stronger, reaching a comparatively high mechanical strength. This agrees with our

conclusions based on the steady state rheograms.
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FIG 12 (a) Storage modulus G’ in the LVR (plateau of the curves in Figure 11.a), and (b) critical stress o¢ (value of

the amplitude of the stress from which G’ starts to fall in Figure 11.a) as a function of the external magnetic field.

IV. CONCLUSIONS

The magnetorheological behavior of the suspensions was analyzed both at steady state regime
(shear stress vs. shear rate) and in oscillatory mode (elastic and loss moduli as a function of the
amplitude of the applied shear stress).

It was found that the suspensions shift from newtonian to plastic behavior when the magnetic

field is applied. Interestingly, the field strength dependence of the yield stress (o) is not

monotonous: o, increases with H much faster if the latter is above a critical value of
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approximately 150-200 kA/m. The analysis of the particle-particle interactions and the geometry
of the aggregates can help in elucidating the reasons for this behavior.
We propose that above that critical field, the face-to-face orientation is by large the dominant one.
Consequently, the resulting stacked planes of magnetite-covered montmorillonite platelets form a
stiffer structure as compared to the edge-to-edge or edge-to-face ones.

Dynamic measurements seem to confirm this hypothesis too: both the elastic modulus and the
critical stress (onset of non-linear viscoelastic behavior) show a sharper increase with the field

strength above the same critical magnetic field.
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