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Abstract The magnetorheological behavior of three sets of
ferrofluid-based magnetorheological (MR) fluids is investi-
gated to determine the dependence of the static and dynamic
yield stresses, as well as of the magnetoviscous effect on the
volume fraction of magnetite nanoparticles ¢ and of the added
Fe particles @r,, at different values of the magnetic induction
B in the MR cell. A wide range of the magnetic particle vol-
ume fractions were considered at the two hierarchical levels
involved: at the nanometer level, p = 2.75, 11.67, and
22.90 %, and at the micrometer level, @, = 540 %. Taking
into account also the oleic acid monolayer coating of the mag-
netite nanoparticles, the hydrodynamic volume fraction of the
most concentrated ferrofluid results to be 65 % and, conse-
quently, the highest value of the effective total volume fraction
of the investigated extremely bidisperse MR fluids attains
85 %. The diagrams of the static and dynamic (Bingham)
yield stresses and of the magnetoviscous effect offer an ade-
quate choice of the nanometer and micrometer range particle
volume fractions to fulfill the specific requirements of high-
pressure rotating seals and of various MR devices.

>4 Ladislau Vékas
vekas.ladislau@gmail.com; vekas@acad-tim.tm.edu.ro

Research Center for Engineering of Systems with Complex Fluids,
University Politehnica Timisoara, Timisoara, Romania

Faculty of Physics, West University of Timisoara,
Timisoara, Romania

Laboratory of Magnetic Fluids, Center for Fundamental and
Advanced Technical Research, Romanian Academy-Timisoara
Branch, Timisoara, Romania

Keywords Ferrofluid - Magnetorheological fluid -
Nano-micro composite fluid - Yield stress - Magnetoviscous
effect - MR effect

Introduction

Magnetorheological (MR) fluids are the basic components of
many high-tech devices devoted to the control of vibrations or
transmission of torque (Carlson and Jolly 2000, Klingenberg
2001), sometimes in severe exploitation conditions (Barber
2013). MR control devices for use in real-world civil engineer-
ing applications (Friedman and Dyke 2013) imply even more
expectations concerning long-term operating capabilities of MR
fluids. The need to improve the performances of MR devices
motivates the increasing interest for new MR formulations
(Bossis et al. 2002; Lopez-Lopez et al. 2005; Wereley et al.
2006; Park et al. 2010; de Vicente et al. 2011; Liu and Choi
2012; Liu et al. 2012; Shah et al. 2014) adapted to specific
requirements deriving from constructive and functional details
of MR fluid damper systems (Wang and Gordaninejad 2006;
Zhu et al. 2012, Iglesias et al. 2014).

Colloidal magnetic nanoparticles of several tens of nanome-
ters used as additives (Wereley et al. 2000) or of less than 10 nm
in ferrofluids used as carriers (Lopez-Lopez et al. 2005) proved
to be an efficient way to improve the kinetic stability and
magnetic-field-induced yield stress of MR fluids. Among the
new MR formulations analyzed in de Vicente et al. (2011), the
ferrofluid-based suspensions of micrometer-size iron particles
(Lopez-Lopez et al. 2006, Yang et al. 2009, Susan-Resiga
etal. 2010, Iglesias et al. 2012) are very promising in exploiting
the advantages both of ferrofluids and conventional MR fluids
(Vekas 2008). Such two very different hierarchical levels (sev-
eral nanometers and a few micrometers) proper to ferrofluid-
based MR fluids give a larger field-induced yield stress (Wang
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and Gordaninejad 2006; de Vicente et al. 2011), due to the
increased interaction between multidomain Fe particles, multi-
plied by the magnetic permeability of the ferrofluid carrier
(Bossis et al. 2002). Also, due to the fact that the magnetic
nanoparticles are permanent magnets distributed around each
micron-size Fe particle, the surface-to-surface contact between
Fe particles is prevented, improving redispersibility after sedi-
mentation (Lopez-Lopez et al. 2005; Iglesias et al. 2012).
Experimental tests of a monotube MR shock absorber (Iglesias
et al. 2014) show that the use of ferrofluid-based MR fluid
represents a suitable alternative to conventional MR fluids in-
volving various additives (surfactants, thickening polymers, sil-
ica nanoparticles, etc.) to prevent aggregation and irreversible
sedimentation of the micrometer-size Fe particles. Comparative
investigations show larger friction coefficient and considerably
reduced wear in case of ferrofluid-based than conventional MR
fluids (Iglesias et al. 2015), attributed to the protective “halo” of
surfacted magnetite nanoparticles around the iron microparticles
of the MRF. Avoiding wear is particularly important for long-
term operating rotating seal applications. Referring to the colloi-
dal stability of the ferrofluid carrier, the agglomerate formation
at the nanolevel could have significant influence on the overall
MR behavior of the nano—micro composite MR fluid.
Ferrofluids with clustered iron oxide nanoparticles show slow
relaxation of the shear stress in magnetic field after a stepwise
change of the shear rate (Borin et al. 2014). The time of the
transient can reach several minutes due to the process of struc-
ture formation and destruction under the simultaneous action of
the applied magnetic field and shear flow, which could influence
in a hardly controllable way the short time, within 1-2-ms MR
response of a ferrofluid-based magnetorheological suspension.
In this respect, the colloidal stability of the ferrofluid carrier,
achieved by electrostatic or steric stabilization of magnetic nano-
particles in water or organic carrier respectively, is of utmost
importance to avoid field-induced cluster formation or even
gas—liquid-type phase transition, observed especially in ionic
ferrofluids (Cabuil et al. 1996) proposed also as carrier for
water-based composite MR fluids (Viota et al. 2007; Viota
et al. 2009).

The present study was motivated by the increasing interest
for MR fluids with reduced wear and improved sedimenta-
tion—redispersion behavior to be used in various MR devices,
as mentioned above. Among others, ferrofluid-based iron par-
ticle suspensions are envisaged for high-pressure rotating
magnetofluidic seals (Borbath et al. 2011), MR brake de-
signed to control the rotating speed of hydraulic runners
(Bosioc et al. 2014), and a new type of seismic MR damper,
all under development in our laboratory and requiring very
different magnetic and flow characteristics. For example, ro-
tating seal applications (Fujita et al. 1999) are limited with
conventional MR fluids, as under static conditions the
micron-size Fe particles rapidly separate from the non-
magnetic carrier in the strongly non-uniform magnetic field

@ Springer

of a sealing stage. This separation in field gradient does not
take place for concentrated ferrofluid-based MR fluid
(Borbath et al. 2014), but a compromise has to be found be-
tween the saturation magnetization (as high as possible to
achieve high sealing capacity) and an acceptable level of the
magnetoviscous effect, depending on the fluid composition
and the operating conditions of the rotating seal. By means
of controlling the particle concentration at both hierarchical
levels, the magnetorheological properties of the resulting MR
fluids can be tailored to offer a lubricant with improved field-
controlled response for semi-active dampers and brakes, as
well as for rotating seals.

In a previous paper (Susan-Resiga and Vekas 2014), we
have shown that the addition of micrometer-sized iron parti-
cles to a concentrated ferrofluid without any supplementary
stabilizing agent is a direct and simple way to control the yield
stress and magnetoviscous behavior, as well as the saturation
magnetization of the resulting nano—micro composite fluid. In
this paper, we investigate the magnetorheological behavior of
three sets of ferrofluid-based MR fluids varying the volume
fraction of both the nanometer-range magnetite nanoparticles
and the micron-size Fe particles in order to evidence a wide
range of possible choices of the adequate composition to ful-
fill the requirements of various MR devices. The scope is to
determine the dependence of the static and dynamic yield
stress, as well as of the magnetoviscous effect on the volume
fraction of magnetite nanoparticles and of the added Fe parti-
cles, at different values of the magnetic induction in the MR
cell. We used as carrier practically agglomerate-free, high col-
loidal stability ferrofluids with Newtonian behavior in the ab-
sence of a magnetic field. This is essential to keep the off-state
viscosity of the nano—micro composite fluids as low as possi-
ble and to prevent formation of irreversible agglomerates,
which could increase the zero field viscosity and affect the
reproducibility of MR response of the composite fluid sam-
ples. Also, the possible wall slip effects were thoroughly in-
vestigated, previously not considered for ferrofluid-based
magnetorheological fluids.

The relationships extracted by fitting the experimental data
offer detailed correlation between nanolevel and microlevel
composition and the MR response to meet the specific require-
ments of various MR devices and rotating seals.

Experimental
Preparation of samples

There were prepared three sets of samples, with each of them
having nine extremely bidisperse composite fluids of
micrometer-size Fe particles dispersed in transformer-oil-
based ferrofluids with three different volume concentrations
of magnetite nanoparticles, ¢=2.75,11.67, and 22.90%.
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The high colloidal stability ferrofluids were obtained at the
Research Center for Engineering of Systems with Complex
Fluids, University Politehnica Timisoara, by chemical
coprecipitation and sterical stabilization procedure, as
described in Bica et al. (2000) and Vékas et al. (2007). This
type of ferrofluid for rotating seal applications, with
chemisorbed oleic acid monolayer coated magnetite nanopar-
ticles of 6.9 nm and no excess surfactant, shows very reduced
particle clustering and Newtonian flow behavior (Susan-
Resiga et al. 2012). The preexisting particle aggregates trap-
ping also an amount of carrier liquid would reduce the achiev-
able maximum packing fraction (Russel et al. 1989; Zhou
et al. 1995). The Fe particles (product of Merck KGaA, code
1.03819.0500) are multidomain ferromagnetic particles with
10-um mean size.

The volume fraction values of iron powder @, dispersed in
the ferrofluid carriers are given in Table 1. The iron powder was

Table 1 Nano—micro composite MRF samples
Sample Iron particle volume Total volume
fraction®@r, (%) fraction®,,, (%)

F 100 0 2.75
F 100-1 5 7.33
F 100-2 10 12.21
F 100-3 15 17.08
F 1004 20 21.96
F 100-5 25 26.84
F 100-6 30 31.72
F 100-7 35 36.59
F 100-8 40 41.47

F 500 0 11.67
F 500-1 5 16.09
F 500-2 10 20.50
F 500-3 15 24.92
F 5004 20 29.34
F 500-5 25 33.75
F 500-6 30 38.17
F 500-7 35 42.59
F 500-8 40 47

F 1000 0 22.90
F 1000-1 25.98
F 10002 10 30.61
F 1000-3 15 34.47
F 10004 20 38.82
F 1000-5 25 42.18
F 1000-6 30 46.03
F 1000-7 35 47.96
F 1000-8 44 56.82

MREF 140 CG 40 40

F 100, F 500, and F 1000 denote the ferrofluid (nanofluid) carriers having
100, 500, and 1000 G nominal saturation magnetization

dispersed by prolonged mechanical stirring of the Fe particle—
ferrofluid mixture, without addition of any surfactant. Special
care was taken to eliminate the air bubbles from the nano—micro
composite fluid before measurement. The total volume fraction
of particles in a sample is given by the relationship @,,,=P. (1

— @)+ ¢ (Susan-Resiga and Vékas 2014), where  represents
the volume fraction of magnetite nanoparticles. The saturation
magnetization of the most concentrated (volume fraction
22.90 %) ferrofluid carrier is 930 G. By adding Fe particles,
the magnetization increases linearly up to 10,772 G for 56.82 %
total particle volume fraction. The rheological behavior of these
bidisperse samples was compared with that of a commercial
magnetorheological fluid sample (MRF 140 CG, product of
Lord Co., USA), having micrometer-sized Fe particles
(Ppe=P;,,=40%) in a hydrocarbon carrier.

Magnetorheological characterization

The measurements were performed using a PHYSICA MCR
300 rheometer (Anton Paar) with magnetorheological cell
(MRD /TI-SN18581). The MR cell has parallel plates of 20-
mm diameter, with the gap being fixed at 2 = 0.2 mm. All the
tests were done at 20 °C. The magnetic flux density was de-
termined using a Hall probe located as described in Laun et al.
(2008, 2010) to ensure on-line measurement of the magnetic
induction in the MR cell gap.

In order to ensure as much as possible the homogeneity ofa
sample supposed to MR tests, the experimental procedure
consists in intense mixing of the nano—micro composite fluid
just before to fill it into the MR cell, followed by a preshearing
of 30 s at v = 100s™!' and by application for 15 s of a mag-
netic field corresponding to the planned test. The MR test was
performed after a waiting period of 120 s.

It is worth to mention the issues related to precise delivery of
the required amount of sample into the gap of the MR cell.
Taking into account the gap size, # = 0.2 mm, and the diameter
of the parallel plates, 2R = 20 mm, the required volume of sample
is very small, "= 0.063 ml, and consequently the exact sampling
becomes difficult especially for the most concentrated ferrofluid-
based MR fluids (the set F 1000). This explains the somewhat
greater dispersion of the experimental points in this case.

Results and discussion
Flow curves in magnetic field

The viscosity curves for the three ferrofluid carriers, F 100, F
500, and F 1000, are given in Fig. 1 for various values of the
magnetic induction B measured in the MR cell. In zero field,
the curves show Newtonian behavior for all the three
ferrofluids. The Newtonian behavior of the sample F 1000,
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Fig. 1 The viscosity curves for the three ferrofluid carriers, F 100, F 500,
and F 1000, for different values of the magnetic induction B
corresponding to electrical current values 7= 0, 0.1, 0.25, 0.5, 0.75, 1,
1.5, 2, and 3 A in the coil of the MR cell

with the volume fraction of the magnetic nanoparticles ¢ =
22.90 %, denotes that particle agglomerates are practically
absent up to the highest concentration of particles and evi-
dences the efficiency of the steric stabilization applied. In
non-zero field, due to field-induced temporary agglomerates,
the samples show magnetoviscous effect especially for re-
duced shear rate values. The field-induced temporary agglom-
erates are progressively destroyed at increasing shear rates, as
evidenced by the decreasing values of the viscosity at high
shear rates (Fig. 1).

Following the dispersion of micrometer-size Fe parti-
cles in the ferrofluid carriers, the flow behavior changes
significantly and the suspensions become shear thinning
as a consequence of the competitive actions of the mag-
netic field and shearing giving rise to agglomerate for-
mation and fragmentation processes (de Vicente et al.
2011)) and to a much more pronounced magnetoviscous
effect than in case of the ferrofluid carriers F 100, F 500,
and F 1000. This is exemplified in Fig. 2a where the
viscosity curves of the most concentrated ferrofluid F
1000 (@7.=0%) and of the composite fluid F 1000—4
(Pr.=20%) are presented comparatively. This type of
viscous behavior is observed also for the other
ferrofluid-based Fe particle suspensions. The magnetic
nanoparticle content at the same total solid particle vol-
ume fraction has a significant effect on the viscous be-
havior in the absence and in the presence of the magnetic
field. This is illustrated by the viscosity curves resulted
by varying the composition at both hierarchical levels
keeping the total particle volume fraction at a certain
value, such as approximately 26 % (Fig. 2b). While the
solid content is the same, the flow behavior is very dif-
ferent depending on the composition details.

To verify if wall slipping effects influence the measure-
ments, the flow and viscosity curves were measured repeated-
ly (five times) under identical conditions as indicated in
(Mezger 2002, p.32). The reproducibility of data was exam-
ined for measurements in the absence of the field and for the
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Fig. 2 Viscosity curves in the absence and in the presence of the applied
magnetic field a for the most concentrated ferrofluid F 1000 (@, = 0%)
and of the composite fluid F 10004 (@, =20%); the values of the
magnetic induction correspond to electrical current values / = 0, 0.1,
0.25,0.5,0.75, 1, 1.5, 2, and 2.5 A in the coil of the MR cell and b for
three samples with increasing magnetic nanoparticle volume fraction, for
I=0Aand/=2A

highest applied magnetic field for the samples F 500—4 and
MRF 140 CG (Fig. 3a, b). Perfect superposition of the exper-
imental points is observed for # = 0.2 mm between the parallel
plates of the MR cell. The tests were repeated (also five times),
according to Yoshimura and Prud’homme (1988) and Durairaj
etal. (2010) also for a larger gap value 2 = 0.4 mm. Again, it is
observed the superposition of flow and viscosity curves with
those for 4 = 0.2 mm, both for zero and non-zero applied field
(Fig. 3a, b), which demonstrates the absence of any wall slip
effect.

Dynamic yield stress

The dynamic yield stress, defined as the minimum shear stress
needed to maintain the flow of the material after the breaking
of'the thixotropic structure, gives a quantitative measure of the
point corresponding to the breaking of all the structures
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Fig. 3 Reproducibility tests of measurements for two values of the MR

cell gap (£ =0.2 mm and 4= 0.4 mm) and for B=0mTand B= 568 (577)
mT: a sample F 500—4; b sample MRF 140 CG

formed in the suspension, when the flow becomes Newtonian
(Lopez-Lopez et al. 20006).

To determine the dynamic yield stress of each sample,
the flow curves were fitted using the Bingham model

(e.g., Fig. 4):

T=Tp+ N7

(1)

where the fit parameters are the following:

75 = the dynamic yield stress (according to the Bingham
model)

np = the Bingham viscosity

The dependences of the static and dynamic yield stresses
on the particle volume fraction and the magnetic induction are
of great significance for engineering applications
(Klingenberg et al. 2007, de Vicente et al. 2011, Susan-
Resiga and Vékas 2014). In Fig. 5a—c, the dependencies of
the dynamical yield stress on the magnetic induction for the
three sets of samples given in Table 1, determined by fitting
the flow curves with the Bingham model, except the low shear
rate domain are represented. For comparison, the diagrams
contain also the data corresponding to a commercial MR fluid
(MRF 140 CG, LORD Co.) having 40 % volume fraction of
Fe particles dispersed in a hydrocarbon carrier.

The diagrams in Fig. 5 evidence the strong MR effect for
all the three sets of samples. The Bingham yield stress 73
increases with both the magnetite nanoparticle (NP) volume
fraction ¢ and the Fe particle volume fraction @, and, conse-
quently, with the total particle volume fraction @,,,. For the set
of samples F 1000, a weak saturation tendency of the MR
effect is observed in Fig. 5c, which may be attributed to the
high zero field viscosity and close packing of nanoparticles
(hydrodynamic volume fraction 65 %; the “The influence of
particle volume fraction on the yield stress” section) leaving
no place for temporary field-induced agglomerates of nano-
particles and any significant viscosity increase of the F 1000
carrier (Fig. 1). The high relative permeability of the carrier
increases the interaction between the large Fe particles and
favors the formation of agglomerates already at intermediate

. L "
Fig. 4 Determination of the 8x10
dynamical yield stress by fitting 710°
. X
the flow curves to the Bingham « [Pa]
model, for all the measured 6x10°
magnetic induction values
(By—sample F 5007 5x10°
— 150
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not consider the shear stress x Bingham fits: © =, + 1, v
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3x10 O B=25mT:x, =42274 Pa,n = 0.87 Pas
A B=57mT:c, =182550Pa,n = 1.24 Pas
210" v B=103mT: <, =5383.12 Pa, n, = 2.62 Pas
@ B=146mT:133 ¢ = 9513.74 Pa, n_=5.15 Pas
- O B=218mT: <, = 1369535 Pa, n_ = 7.66 Pas
1x10° g * B=321mT: = 25607.86 Pa, 1, = 9.69 Pas
N N N O B=415mT: = 38754.37 Pa, 1, = 9.89 Pas
A A A —2 | % B=504mT: <, =64579.03 Pa, n, = 8.94 Pas
T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400
. -1
v [s]

@ Springer



586

Rheol Acta (2016) 55:581-595

10°
10
7, [Pa]
10°
Bingham Yield Stress
(F100: = 2.75 %)
10° = @ = 5%(F100-1)
o @ = 10 % (F100-2)
A o= 15% (F100-3)
10’ v @, = 20 % (F100-4)
® o= 25% (F100-5)
o @, = 30% (F100-6)
1004 © * @ = 35% (F100-7)
% ®,_ = 40 % (F100-8)
" = o, = 40 % (MRF 140 CG)
10t
0 100 200 300 400 500 600
B [mT]
(a)
10°
10°
7, [Pa]
10°
Bingham Yield Stress
(F500: ¢ = 11.67 %)
102 m o= 5% (F500-1)
o @ = 10% (F500-2)
A o= 15% (F500-3)
10' vV @, = 20 % (F500-4)
& o = 25% (F500-5)
0w, = 30 % (F500-6)
o * = 35% (F500-7)
® o= 40 % (F500-8)
5 @ = 40 % (MRF 140 CG)
1wt
0 100 200 300 400 500 600
B [mT]
10°
10
1, [Pa] e
10°
Bingham Yield Stress
(F1000: ¢ = 22.90 %)
) m o= 4% (F1000-1)
10 o @ = 10% (F1000-2)
A o= 15% (F1000-3)
, v @, = 20 % (F1000-4)
10 & o= 25% (F1000-5)
O @, = 30 % (F1000-6)
, * o= 35% (F1000-7)
10 ® o= 44 % (F1000-8)
5 @, = 40 % (MRF 140 CG)
w—-—---
0 100 200 300 400 500 600

B [mT]

(©
Fig. 5 Dependence of the dynamic (Bingham) yield stress on the
magnetic induction B; the fits for the commercial MRF 140 CG and for
the nano—micro composite samples: a set F 100, b set F 500, and ¢ set F
1000
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values of the applied magnetic field. Details of the composi-
tion of ferrofluid (FF)-based MR fluids giving enhanced
MR response in comparison with the commercial sam-
ple will be discussed related to the yield stress diagrams
in Figs. 7, 8, and 9.

Fits of the magnetic field dependence of yield stress

For a quantitative description of the magnetic field depen-
dence of the static and dynamic yield stresses (Fig. 5), the
experimental data were correlated with the following formula
that we proposed and used before in Susan-Resiga and Vékas
(2014):

B\’ B B\" B
T = C1 (?> |:1_tanh (?):| + C2¢:’m <?) tanh (F) (2)

The function tanh x, which vanishes for x — 0 and is ap-
proaching 1 for x — oo, will be used “to connect” the two
models describing the magnetic field dependence of the yield
stress, as follows:

—  The B*type dependence for small values of B (de Vicente
etal. 2011; Park etal. 2010; Ramos et al. 2011; Yang et al.
2009)

—  The sub-quadratic dependence for great values of B,
where it is also a significant influence of the particle vol-
ume fraction (de Vicente et al. 2011, Ginder at el. 1996),
described by the relationship @,,,=Pr.(1— @)+ ¢
(Susan-Resiga and Vékas 2014)

In relation (2), B represents the value of the magnetic in-
duction at which the transition between the two kinds of be-
haviors occurs. The increase of field-induced particle struc-
tures becomes slower as the agglomerate size approaches the
maximum in the given conditions (especially the composition
details) and the yield stress versus magnetic induction curves
change slope (Ramos et al. 2011). The fit parameters are ¢y, ¢;,
n,m,and B".

The procedure applied to fit the experimental data is pre-
sented below.

At first, the fit was applied only to the initial quadratic
dependence of the yield stress using experimental data up to
the value of the magnetic induction value corresponding to the
transition, approximately at B~ = 100 mT and the formula

2
T = C| (%) , to obtain the value of ¢;. Then, the whole sets

of experimental data were used in the fits, keeping fixed the
value already obtained for ¢; and B" =100 mT, with the re-
maining fit parameters being ¢, n, and m.

For all the three sets of samples (and also for the MRF 140
CG commercial sample), the fit parameters c;, ¢,, and m
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increase and n decreases for increasing values of @, respec-
tive ¢, as follows:

¢1 = (696.73 + 9720.47)Pa, c;
= (1000.26 + 3212.26)Pa, m = (0.68 = 2.09), n
= (0.14 + -2.09)

Static yield stress

The static yield stress, defined as the shear stress value
at which the material begins to flow, is related to the
transition from solid to viscoplastic state. The static
yield stress was determined applying the method given
by Yang et al. (2009), using the strain sweep mode test.
The static yield stress is represented by the maximum of
the 7=7(y)curve when the sample is supposed to a log-
arithmic increase of the shear strainy (see Fig. 6 for
sample F 500-1). At great values of the particle volume
fraction and of the deformation, the shear stress be-
comes increasingly unstable. These oscillations of the
shear stress could be related to the rupture and rebuild
of large chain-like agglomerates in concentrated samples
under the influence of the applied field (Yang et al.
2009, Susan-Resiga and Vékas 2014).

The dependence of the static yield stress on the mag-
netic induction,7, =7, (B), is outlined in Fig. 7a—c for
the three sets of FF-based Fe particle suspensions; for
comparison, the data for the commercial sample MRF
140 CG are also represented.

As it follows from Fig. 7, the static yield stress has a
similar dependence on the magnetic induction B and on
the @5, as the dynamic yield stress. The highest values
of the static yield stress were obtained for the most con-
centrated F 1000 set of samples. These values of the
static yield stress are also higher than those measured

for the commercial sample (MRF 140 CG); e.g., for
B > 200 mT, the sample F 1000-2 (@r.=10%,
D,,,=30.61%) shows greater static yield stress than the
fluid MRF 140 CG (@f.=P;,;=40%).

The correlation of 7,,=7,(B) data of Fig. 7 was per-
formed using also a formula similar to (2), as in case of
the 73=73(B) dependence. As before, for all the three
sets of samples (and also for the MRF 140 CG com-
mercial sample), the fit parameters ¢, ¢, and m in-
crease and n decreases for increasing values of @,,, as
follows:

c1 = (93.47 + 9955.12)Pa, c; = (182.51 = 3275.11)Pa, m
= (1.15+2.41),n = (0.22 + —2.02)

Beside the more intense MR effect, the ferrofluid-based
multidomain Fe particle suspensions—extremely
bidisperse MR fluids with nanometer-range magnetite
nanoparticles and micrometer-size Fe particles—have also
other advantages over the conventional MR fluids, with
only Fe particles of several micrometer mean size. In the
absence of applied field, the magnetic nanoparticles im-
prove the sedimentation stability and redispersibility of
the large Fe particles (de Vicente et al. 2011, Lopez-
Loépez et al. 2005, Iglesias et al. 2012, Viota et al. 2009,
Wereley et al. 2006, Yang et al. 2009, Ngatu and Wereley
2007); indeed, these are due to local alignment and net-
work formation of the magnetic nanoparticles with perma-
nent magnetic moment between the multidomain Fe par-
ticles (Bossis et al., 2002). Referring to the sedimenta-
tion—redispersion behavior of the three sets of ferrofluid-
based MR fluids and the commercial MR fluid investigat-
ed in this work, the redispersion of F 100 samples and of
the MRF 140 CG sample proved to be more difficult than
in case of the F 500 and F 1000 sets with higher concen-
tration of magnetite nanoparticles.

Fig. 6 Results of the strain sweep 710°

mode test for the sample F 500-1,
for all the values of the magnetic

Sample: F 500-1 (&, = 5% )
Pa+ |B=21,48, 100, 132, 200, 295, 385, 554 mT

induction B

_ MW
B S ¥ 1 LI ENY3!

10 10 % 10
Strain v — -
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1o’ Figs. 8a—c and 9a—c for the ferrofluid-based MR fluids and
also for the commercial sample MRF 140 CG.
. R .
. [Pa]“’ The measured data represented in Figs. 8 and 9 illustrate
y . . .
the role of both the magnetic nanoparticle and the Fe particle
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netic nanoparticles volume fraction ¢ are represented in
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Fig. 8 The dependence 73 =75 (Pf.) for different values of the magnetic
induction B—MRF 140 CG in comparison with a the set F 100, b the set
F 500, and ¢ the set F 1000
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volume fractions, evidenced by the composition details (vol-
ume concentration of magnetic nanoparticles (FF saturation
magnetization) vs. volume fraction of micron sized particles).
The curves clearly show the greater MR effect in case of
ferrofluid-based MR fluids in comparison with conventional

MR fluids (sample MRF 140 CG), at the same particle volume
fraction:

— Set F 100 (¢=2.75%): 75 and 7, are greater than the
corresponding values for the commercial sample, starting
with sample F 100-7 (®g.=35%, P,,;=36.59%).

—  Set F 500 (¢=11.67%): 15 values starting with sample F
500~7 (Pr.=35%, D,,,=42.59%) and T, values starting
with F 500—6 (®5.=30%, ,,,=38.17%) are greater than
those measured for the commercial sample.

—  Set F 1000 (¢=22.90%): Tandr, are greater for samples
starting with F 10004 (®,=20%, @,,;,=38.82%) than
the values determined for the commercial sample.

Also, for B > 200 mT, the MR effect measured for the
extremely bidisperse suspensions—ferrofluid-based MR
fluids—is in general greater than that specific for the commer-
cial sample, even for smaller particle volume fraction values.

The influence of composition details and particle volume
fraction on the MR effect (de Vicente et al. 2011) is an essen-
tial feature to be considered for the design of high-
performance MR devices (Zhu et al. 2012). The yield stress
(dynamic and static) show an approximatively linear increase
for relatively small particle volume fraction values (up to
25 %) (Rankin et al. 1999; de Vicente et al. 2011). For higher
values, a non-linear, more rapid increase of the yield stress
was observed (de Vicente et al. 2011, Volkova et al. 2000,
Chin et al. 2001), sometimes followed by saturation
(Volkova et al. 2000, Fujita et al. 1999).

The three sets of ferrofluid-based samples investigated in
this work have different values of the volume fraction of mag-
netic nanoparticles and of the micron-sized Fe particles, sum-
ming up the total particle volume fraction. The dynamic
(Bingham) yield stress 75 increases for all the values of the
total particle volume fraction and of the magnetic induction.
The F 1000 set having the greatest nanoparticle volume frac-
tion is an exception, evidencing the role of composition.
Saturation of the increase of 7 is observed for B>400mT at
Pr,=(20+25)%. The same behavior of the static yield stress
7, is observed for this set having the most concentrated FF
carrier. In case of the samples of the F 100 and F 500 sets, the
static yield stress 7,, shows saturation for ¢z, = (20+25)%, for
practically all values of the magnetic induction B.

Related to the explored wide range of the total vol-
ume fraction of particles, it is worth to evidence the
role of the steric stabilizing layer coating the individual
magnetic nanoparticles of the ferrofluid carrier. The
chemisorbed oleic acid monolayer determines the hydro-
dynamic size and the hydrodynamic volume fraction of
nanoparticles ;,, which are much greater than the solid
size (without coating) and the solid volume fraction ¢,
respectively. The ratio between the hydrodynamic

@ Springer



590

Rheol Acta (2016) 55:581-595

Fig. 10 The magnetoviscous
effect for shear rate v = 7.85s7!;
fits for the commercial sample
MRF 140 CG and for the three
sets of samples: a F 100, b F 500,
and ¢ F 1000

volume fraction ¢, and the solid volume fraction ¢ was
found from viscosity measurements to be 2.825 at

@ Springer
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25 °C (Susan-Resiga et al. 2012) for the same type of
ferrofluid as that used in this work. Consequently, the
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Fig. 11 The magnetoviscous 10°

effect for shear rate

~ = 88.41s7!; fits for the 10°
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value instead of the solid volume fraction ¢ into the
formula @,,,=Pr,(1—¢)+¢, together with the highest
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Fe volume fraction @5, = 0.44, we find the upper limit
of the effective total volume fraction of approximately
0.85 for the samples considered in this work. Taking
into account the extremely bidisperse character of the
suspensions, i.c., the ratio between the mean sizes of
large and small particles of 0.001 and the elastic nature
of the organic coating of nanoparticles, the achieved
overall packing fraction is quite reasonable (Farr and
Groot, 2009).

Magnetoviscous effect

The relative increase of the viscosity (% = %) in-

duced by the magnetic field, for two values of the shear rate,
v =7.85s5" andy = 88.415 7!, is represented in Figs. 10 and
11, for the three sets of FF-based MR fluids and for the com-
mercial sample (MRF 140 CG). The fits were performed in a

similar way as for the yield stress, applying the same proce-
dure and using formula (3):

An  n(B)—=n(0)

FOREEETORE <B£) P‘mh(;)]
o (2 w(2) o

As expected, the magnetoviscous effect is the most reduced
for the set F 1000, because these samples have the highest
viscosities in the absence of the field.

The values of the parameters ¢y, ¢, 1, and m resulted by fitting

UA(—E) = f(B) to the data outlined in Figs. 10 and 11 do not show a

monotonic variation, as it was the case of the yield stresses
T7p=75(B) and 7,=7,(B), because the relative viscosity does
not increase monotonically with the particle volume fraction.
The fit parameters were found to vary in the following intervals:

—  Fory=785s":¢ = (0.13+2652.92)Pa; c; = (6.88 = 1713.88)Pa;m = (0.06 = 1.94);n = (2.36 + ~0.004)

—  Fory=8841s"c; = (0.13 = 356.8)Pa,c; = (7.19 + 322.68)Pa,m = (0.0004 < 2.49),n = (3.00 + 0.0001)

The influence of particle volume fraction
on the magnetoviscous effect

The dependence of the magnetoviscous effect on the particle
volume fraction at different values of the magnetic induction
for the investigated samples is illustrated in Figs. 12 and 13 for
all sets of samples.

The magnetoviscous effect, as it follows from Figs. 12 and
13, increases for greater magnetic induction values, however,
in a different way as that observed for the MR effect. It is more
intense for the sets F 100 and F 500 than for F 1000 due to the
much higher viscosity of samples of this set in the absence of
the applied magnetic field. The relative viscosity change
shows an abrupt increase for the first sample of each set (F
100-1, F 500—1, F 1000-1), followed by a moderate increase
up to P, =(20+25)% iron particle content. As it may be seen,
the magnetoviscous effect does not increase continuously with
the added Fe particles; therefore, the fit parameters resulted for
the fitted curves in Figs. 10 and 11 obtained using formula (3)
do not have a regular increase or decrease with the particle
volume fraction or the magnetic induction. For example, the
magnetoviscous effect is more pronounced for the sets F 100
and F 500 in comparison with that measured for the commer-
cial sample. In case of samples of the set F 1000 for Fe content

@ Springer

greater than @, =(30+35)%, the magnetoviscous effect is
smaller than that corresponding to MRF 140 CG.

Conclusions

Twenty-seven ferrofluid-based magnetorheological fluid sam-
ples were formulated which cover a wide range of the mag-
netic particles solid volume fraction values at the two hierar-
chical levels involved, from 2.75 to 22.90 % (sub-domain
magnetite nanoparticles) at the nanometer level and from 0
to 44 % (multi-domain iron particles) at the micrometer level,
involving a size ratio of 1000 of the large to small size parti-
cles. The maximum solid particle volume fraction achieved of
56.82 % corresponds actually to an effective total particle
volume fraction of 85 %. This includes the contribution of
the chemisorbed organic layer coating of individual magnetic
nanoparticles increasing their mean diameter with a factor of
2.825, which is the hydrodynamic size relevant for the
magnetorheological behavior of the composite fluid samples.
As the hydrodynamic volume fraction of magnetite nanopar-
ticles attains 65 %, the upper limit for random packing, the
composition of samples investigated covers practically the
whole possible ranges both for nanometer- and micrometer-
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Fig. 13 The dependence of the relative increase of viscosity
(Pyor) for different values of the magnetic induction B, at shear
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evidenced in the diagrams illustrating the dependence of the

yield stresses (static and dynamic) on the volume fractions of
nanometer- and micrometer-size particles (¢ and @r,.). The

magnetoviscous effect is more pronounced for the sets F 100
and F 500 in comparison with that measured for the commer-

8.41 571 —commercial sample MRF 140 CG and: a set F 100, b set F
cial MR fluid.

500, and ¢ set F 1000

s
7

.8557! —commercial sample MRF 140 CG and: a set F 100, b set F 500,

and ¢ set F 1000

7(0)

An
(Do) for different values of the magnetic induction B, at shear rate ¥ =

D
P,

size magnetic particles. Thorough reproducibility tests per-
formed proved the absence of any wall slip effects influencing
the measurements. The Bingham and static yield stresses in-
crease with both the magnetite NP volume fraction and the Fe
particle volume fraction and, consequently, with the total par-
ticle volume fraction. The MR effect is more intense for the
ferrofluid-based MR fluids than for the commercial MRF,

Fig. 12 The dependence of the relative increase of viscosity
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The wide range of magnetorheological data correlated with
nanolevel and microlevel composition details provide ade-
quate choice of the composition required by various kinds of
devices using ferrofluid-based MRFs. To exemplify, for high-
pressure rotating seals, the F 1000 set is envisaged; already for
5 % Fe content, the saturation magnetization is twice higher
providing the same increase of the sealing capacity, while
keeping the magnetoviscous effect at an acceptable level for
long-term exploitation. The choice for MR brakes designed
for hydraulic runners is quite different and goes to set F 500, to
a sample with high Fe content, approximately 30 %, to ensure
relatively low off-state viscosity and high field induced yield
stress. The sedimentation—redispersion issue is to be consid-
ered for any MR device. The redispersion of F 100 samples
and of the MRF 140 CG sample proved to be more difficult
than in case of the F 500 and F 1000 sets with higher concen-
tration of magnetite nanoparticles; therefore, the samples with
higher nanoparticle content are recommendable.
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