Romanian Reports in Physic&0, 501(2018)

FROM HIGH MAGNETIZATION FERROFLUIDS
TO NANO-MICRO COMPOSITE MAGNETORHEOLOGICAL
FLUIDS: PROPERTIES AND APPLICATIONS

DANIELA SUSAN-RESIGAL?", L ADI SLAY VEKCS

1Laboratory of Magnetic Fluids, Center for Fundamental and Advanced Technical Research,
Romanian Academyimisoara BranchBvd. M. Viteazu, no. 24, 300223, Timisoara, Romania
2West University of Timisoara, Faculty of PhysiBvd. V. Parvan, no. 4,
300222, Timisoara, Romania
“E-mail: daniela.resiga@avt.ro
™ Corresponding authowvekasladislau@gmail.convekas@acadim.tm.edu.ro

ReceivedDctoberl5, 2017

Abstract. Recent results are reviewed on the synthesis and properties of high
magnetization ferrofluids and ferrofluid basedagnetorhealgical (MR) fluids.
Structural characteristics at nanometer level, colloidal behavior in specific
environments, magnetic and flow behavior of a large variety of ferrofluids and some
newly developed nanmmicro composite magnetizable fluids were evaluated by
transmission electron microscopy (TEM/HRTEM}ra&y photoelectron spectroscopy
(XPS), dynamic (DLS) and static light scattering (SLS), small angle neutron
scattering (SANS), small angle -bdy scattering (SAXS), vibrating sample
magnetometry (eV SpbtjrascopW °rreemagnatarheometry, chemi
luminiscence (CL)and differential scanning calorimetry (DSChe paper is focused
mainly on the synthesis and properties of lbeign colloidal stability and high
magnetization sealing fluids and of ferrgfl based magnetorheological fluids with
improved kinetic stability and high MR response.

Key words ferrofluids, magnetimandluids, magnetorheological fluids, colloidal
stability, magnetic properties, magnetorheological behalgéakage
free rotating seals, seismic protection devices, MR brakes, MR
clutches

1. INTRODUCTION

Magnetic field control of the motion and positioning of magnetizable fluids
(ferrofluids and magnetorheological fluids) are highly relevant for most of
engineering applications of treeganomaterials.

Ferrofluids[1i 3] are ultrastable colloids of nanosized sdbmain magnetic
dipolar particles in appropriate carrier liquids, which macroscopically manifest
themselves as magnetizable continuous liquid media with numerous and highly
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efficient application$4i 6]. To exemplify, errofluids for sealing applications have
to be prepared in such a way to ensure high magnetization, low viscosity, low or
very low vapour pressure and loteym colloidal stability in intense (magnetic
induction 11.5 T) and strongly nomniform magnetic field (field gradient
1% 10° A/m?). These requirements are sometimes difficult to fulfil simultaneously
and impose special conditions on the stabilization procedysiéedpn ferrofluid
preparationto avoid irrevesible magnetic field iduced structural processes. For
example very low vapor pressure implies high viscosity, while increasing the
particle volume fraction and reducing this way theamenterparticle distance,
favarize the formation of agglomerates, isn manifest in reduced colloidal
stability and increased viscosity.

Magnetorheological fluids(MRFs) [7, 8], a quite different type of
magnetizable fluids, exhibit several orders of magnitude increase of apparent
viscosity under the influence of moderabeternal magnetic flux densities (up to
1 T). Conventional MR fluids, available commercially, are suspensions of highly
magnetizable particles, usually mudidbmainand magnetically soft micron size Fe
particles in a nommagnetizable liquid. Applying a agnetic field, MR fluids show
a reversible and very fast (duration of milliseconds) transition from a liquid to a
nearly solid statthe magnetorheological effect. High magnetic yield stress, low
off-state viscosity and excellent redispersibility, as wadl high kinetic and
chemical stability are all important properties to be achieved for successful
implementation of MR fluids in engineering applicatiodsl[0].

There are essential differences between ferrofluids and MR flidid$0]

11]: (a) the sizeof magnetic particles in a ferrofluid is in the nanometer range
(31 15 nm), while in a usual MR fluid is well above one micrometé2(@ € m) ;
(b) the magnetic moment of micron size particles in MRFs is field induced (soft
magnetic particles) and their Brownian motion is negligible, while in the case of
ferrofluids the magnetic nanoparticles have permanent dipole moment and perform
interse thermal motion; (c) particle aggregation processes are reversible and rather
intense in MR fluids and are induced by the applied magnetic field, while
agglomerate formation in ferrofluids is limited due to thermal motion of
nanoparticles and to theiresic and/or electrostatic stabilization in the carrier
liquid. The field induced changes in flow behavior of technical grade ferrofluids
[1, 3] usuallyare not significant and they show only reduced magnetoviscous effect
and do not develop a yield stress.

In this paper, there are reviewed recent results on the synthesis, composition
and structure, as well as on the magnetic and flow properties of high magnetization
ferrofluids and ferrofluid based MR fluids, tailored for leak#ige rotating seals
and MRdevices.
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2. FERROFLUIDS

Magnetic properties, in particular the volume magnetization of ferrofluids
(magnetic (nano)fluids) is determined by the magnetic particle content and are
tailored by adequate synthesis procedurksd, 11. Among the engineering
appications, the performances of leakdgeme magnetofluidic rotating seals for
gases are fully determined by the magnetic and flow properties of the sealing fluid
employed 12, 13. The magnetic fieldntensity in a sealing stagei¢F 1a) is
usually above he saturation value, therefore the sealed pressure difference is
determined practically by the fluid saturation magnetizatibh and by the
magnetic induction at the smallest gap of st@®ye; @  ® Ms@Hmax 1 Hmin) =
Ms (BmaxT Bmin) a s Bmax.
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Fig. 11 Rotating seal with magnetic fluid. (a) pole piece with sealing stages (A) at zero and
(B) at nonzero pressure difference; (b) example of applicatioagnetic fluid feedthrougtor high
power electric switches (cooperation Lab Magnetic Fluids TimisB&SEAL Co)[13].
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The total differential pressure for n stages that a magnetic fluid seal can
sustain is given by the sum of the pressure capacities of the individual stages,
OPmaxtotal = OPAFOr exampletheleak-proof pressure capacityf magnetic fluid
feedthrough (Fg. 1b) developed and manufactured for high poglectric switches
is 7 bars [1B

To achieve high magnetizatigthe magnetic content of the ferrofluid has to
be increased as much as possible, the saturation magnetization being determined by
the volume fraction of magnetic nanoparticles stably dispersed in the carrier liquid.
At the same time, the particle volume fraction directly influences thetkmng
colloidal stability and flow properties of the sealing fluid and consequently, the
viscous dissipation in the constitutive stages of a rotating seal. The increase of
dispersed particle concentration implies an exponential increase of the dynamic
viscosity, which limits the saturation magnetization of commercial sealing
ferrofluids usually to approx. 600 G.

The basic synthesis procedures of ferrofluids with Aoolar and polar
organic carriers developed by Doina BicfLaboratory of MagneticFluids-
Timisoara)weredescriled in ahighly citedpioneering papepublished in 1995 in
Romanian Reports in Physid44]. Details and further developments of the
synthesis and manifold characterization of ferrofluids were presentgbiiaQ]
and describedlsoin numerous pais listed in [19

Briefly, the two main steps A and B of various procedures are summarized
below:

- (A) Synthesis of surface coated magnetite nanoparticles
precipitation (at&  8C) of magnetite from aqueous solutions of'Feand
Fe* ions in the pesence of concentrated NPH solution (25%) Y

subdomain magnetite particles Y sterical
oleic acid; 8082°C) Y phase separation Y magnetic
repeated washing Y monol ayer covered macg
oleic acid Y extraction of monol ayer co

(acet one add eshhilized magnmetitecnanopamicles. Y

- (B) Dispersion of magnetic nanoparticled) in non-polar carriers
(hydrocarbons):dispersion of oleic acid monolayer ated magnetite
nanoparticles in various hydrocarbon (keroserxane, heptane, isooctane,

toluene cyclohexane transf or mer oi 171384%Cc .Y) carrier:¢

magnetic decantation/ fil t-dispdrsioon Y
of magnetic nanoptcles (elimination of free oleic acid; advanced
puri fi cat i mompolarmagaeticsnanpfluid2) inpolar carriers

(such as diesters, alcohols, ketones, aspimixtures of various mineral

repea:
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and synthetic oilsg.g, high vacuum oils heat transfe oils): primary
purified magnetic fluid on light hydrocarbon carrier obtained through
repeated flocculation and redispersion of magnetic nanoparticles
(el imination of free ol ei ¢ aci d; advanc
stabilized ma g n e t dispersiam ain opplar r solveot! e s Y
(stabilization with secondary surfactaatg dodecylbenzensulphonic acid
(DBSA) for alcohols and ketones, péabobutilenesuccinanhydride
(PIBSA) or polyisobutilenesuccinimide (PIBSI) for diesters and high
vacuum oil, physial 'y adsor bed tpolar mhgeeticf i r st | ay e
nanofluid.
Over 50 types of magnetic fluids with different carriers designed for various
applications, such as rotating seals, sensors and transdanergy conversion
systems biotechnology and biomezihe, were synthesized applying these
procedures. To find the adequate composition and behavior satisfying different
requirements, the structure and properties of magnetic fluids were thoroughly
investigated by transmission electron microscopy (TEM/HRTENK-ray
photoelectron spectroscopy (XPS), dynamic (DLS) and static light scattering
(SLS), small angle neutron scattering (SANS), small angleyX scattering
(SAXS), vibrdaing sample magnetometry (VSM)yJ° ssbauer spectroscopy,
magnetorheometry, chelmminiscence (CL)and differential scanning calorimetry
(DSC).The results of analgs, interpretation and evaluation of det& p9] were
used to optimize the composition and synthesis procedures of magnetic fluids
developed for specific applications, ang them for leakagiee rotating sealfor
various exploitatiortonditions (high shearing raiecreasedemperature, presence
of radioactivecontaminants)Surfactant coating is an essential feature of synthesis
of high magnetization and lorigrm staility magnetic fluids. Starting from the
stearic acid puzzle analyzed in [3Q@he efficiency of the series of saturated
carboxylic acid surfactants, lauric (LA), myristic (MA), palmitic (PAnd stearic
(SA) acids, was investigated in comparison withwigely used unsaturated oleic
acid (OA). Data of magneticHig. 2) and smaibngle neutron scattering (SANS)
(Fig. 3) experiments, together with significant differences observed in their
synthesis, evidenced that among the carboxylic acids consideres! t84 worst,
while OA is the most efficient surfactant for npolar organic carriers, in
agreement with the result of Rosensweig and coworkers [30], obtained applying a
different experimental methodology.
At the same time, LA and MA proved to be good gitdhg agents, however
reducing the mean size of stably dispersed magnetic nanoparticles compared to OA
[31].
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Fig. 27 Surfactant coating efficiency comparative analysis. Nisnensional magnetization curves
for oleic acid (OA)vs.saturated carboxyliacids (stearic (SA), palmitic (PA), myristic (MA) and
lauric (LA) acid) stabilized decahydronaphtalene (DHN) based magnetic fluids; particle volume
fraction 1.5%. Lines are the results of the polydisperse Langevin approximation. Inset shows the
corresponihg particle size distributions of magnetite (magnetic size) [31].
(Reproduced with permission from Elsevjer.
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Fig. 31 Surfactant coating efficiency comparative analysis. SANS curves (points) for for oleic
acid (OA)vs.saturated carboxylic acids (stea(SA), palmitic (PA), myristic (MA)and lauric (LA)
acid) stabilized decahydronaphtalene (DHN) based magnetic fluids; particle volume fractn 1.5
Lines are the results of approximation by the model of polydisperse independent spheres. Inset shows
the corresponding particle size distributions of magnetite (atomic size) [31].
(Reproduced with permission from Elsevjer.
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Fig. 47 Colloidal stability investigations. Experimental SANS curves for light wiatexed MFs with
different surfactant combinains in a double stabilizing layer. Solid curves are pdeer
dependences corresponding to scattering on fractal clusters. Arrows indicate points on the scattering
curves at which the powdaiw dependences are broken. These points are used to estinwre ibfe
structural units in the clusters [24, 32, 33].
(Reproduced with permission from Elsevjer.

In case of polar carriers, such as water and various organic carriers (diesters,
alcohols, ketones, amines, mixtures of various mineral and synthetie.giJhi{gh
vacuum oilsHVO (KW, MercK) the double layer stabilization mechanism was
applied with very good results. The most difficult case proved to be the
stabilization of water based magnetic fluids [24, 32, 33]. This is well illustrated b
the scattenig curves inFig. 4, comparing the efficiency of various double layer
coatings using oleic acid and dodecylbenzenesulphonic acid (DBSA), which show
the presence of fractal type aggregates in water based magnetic fluids. The fractal
dimension of aggregatesries from 1.47 for OA+DBS and 1.58 for DBS+DBS to
2.2 for OA+OA stabilized samples, indicating rather developed aggregates of
OA+DBS and DBS+DBS coated particles, which are temperature sensitive.

In case of organic carriers, npolar and polar, the ster stabilization
mechanism using morayer and double layer coatings, respectively, provided
magnetic fluids with excellent colloidal stability. The SANS scattering curves up to
high particle volume fraction values (0.20) in Fig. 5a,b shiwavfits of themodel
of independent spheres for magnetite/OAfhzene and magnetite/ OA+DBS/
H-pentanol ferrofluids, which denote the high colloidal stability achieved, as it was
thoroughly discussed in [20, 33].
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Fig. 57 Colloidal stability investigations. Experimental SANS curves at different magnetite vol
fractions for &) benzene andj pentanolbased MFs. Solid lines are simulated dependences
at minimallm neglecting the magnetic scattering and with the use efitwsghal particle size

di stribution. The insets show the effecti
[34, 24, 33].(Reproduced with permission from Elsevjer.
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Fig. 61 High colloidal stability magnetic fluid (nepolar hydrocarbon, low vapor pressure).
Non-dimensional magnetization curves for samples having different values of saturation
magnetization M= 3.02 86.82kA/m (after [35, 22]).

The nondimensioml magnetizatio curves inFig. 6 of a set of sealing
magnetic fluid, from very low to high concentration of magnetic nanoparticles are
practically overlapping, including the low magnetic digkegion (see the inset in
Fig. 6), evidencing the good screening of dipolateractions achieved by steric
stabilization [22]. As it follows fronFig. 7 [36], the solid particle volume fraction
dependence of dynamic viscosity values determined at different temperatures fit
well especially with the formulas of Quemada and Chow 83%,38] illustrating
the colloidal stability of the investigated magnetic fluid samples up to high
hydrodynamic volume fraction values (approx. 0.65). The fitted values of the
interaction parameter A of the Chow mod8l7, 38] depend on the type of
magneic fluid, but usually only slightly different from the theoretical value.d#+
4.67) due to practically complete screening of dipolar interactions between
suspended particles by the stabilizing layer appBéd20]
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Fig. 77 High colloidal stabilitymagnetic fluid (norpolar hydrocarbon, low vapor pressure).

Non-dimensional dynamical viscositss hydrodynamic volume fraction:i@.65.
Saturation magnetization: ¥ 0i 1100 G; Temperature range 0i 70°C (after[36, 2Q).

Fig. 81 Longterm collddal stability of a low vapor pressure sealing magnetic fluid (saturation
magnetization approx. 500 G). Spikes formed over 35 years ago by the magnetic fluid poured
on a superposed set of large permanent magnets with three smaller size permanent magnets
decorating the top: the spikes are still in perfect liquid state, no sedimentation observed along the
years spent (demdaboratory of Magnetic Fluids, Timisoara, 1982)
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Placed in a normal magnetic fielé,g. on the surface of a permanent
magnet, a ferroflid undergoes a Rosensweig instabifigttern of peaks and
valleys on the interfacasually called spikes, which are actually seifjanized,
ordered surface structures [39, 40]. A low vapor pressure magnetic fluid (a large
quantity of about one liter) sibosed on a set of ferrite permanent magnets arranged
into a pattern specific to normal field instabilities (RBy.and remained unchanged
over 35 years. The sample continues to keep its liquid state without any
sedimentation, due to lortgrm high colledal stability ensured by synthesis.

A sensitive test of colloidal stabilityn magnetic field of concentrated
ferrofluids at different temperatures was introduced in [41], by extendiniinke
temperature superposition principle (TTSP) from -nmagnetic viscoelastic
materials to ferrofluidsThe test consists essentially in establishing the thermo
rheological character of ferrofluids both in the absence and in the presence of an
external magnetic field, involving the measurement of flow / viscosity cunges
well asof amplitudesweep tesand frequency sweep testdifferent temperatures
To exemplify, a high saturation magnetizatitransformer oil basedealing
ferrofluid with Ms= 1100 G shows linear dependence of the loss modudasthe
angular fequencyin the temperature rangeom 20 to70 degrees Celsiysvhile
the dataG"=f (W) for different temperature values in a logarithmic plot are

distributed along parallel straight linesfor magnetic inductioB¢253mT

(Fig. 9a). By superposition, theataprovide a mater curve (lg. 9b) evidencing a
simple thermerheological behaviorFor larger magnetic field values the data for
G"'=f (w) frequency sweep test showsnanlinear dependencéFig. 9c), which

dendes field induced structuring and the loss of simple thetmeological
character of the ferrofluid sampleThe prediction of flow behavioof magnetic

fluids for varying values ofhe temperature and/or tineagnetic field inductions
important for mosbf the magnetic fluid deviced particularfor rotating seals,
therefore checking the theranbeological character of these ferrofluids in the
absence and presence of an external magnetic field can offer a sound support in
establishing exploitation stejies of sealing magnetic fluids.

High magnetization, low vapor pressure and oergn stable ferrofluids
developed applying the synthesis and characterization methods summarized above
were selected for leakadiee magnetofluidic rotating seal applicasofor high
vacuum equipments, compressors, fans, high power electric switches, chemical
reactors, pumps for liquified gases, mechanmagnetic fluid tandem seals, gas
valves etcwhose sealing capacity extends from high vacuum to 50 bars [12, 13].
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Fig. 9 (continued) Extension of pplication ofthe timetemperature superposition princigpéevery

concentrated ferrofluids, M 1100G, in applied magnetic field: (a) results frequency sweep test

at various temperatures B = 253 mT{b) superposition of data on a master curve up to B = 253
(c) results for frequency sweep teatsvarious temperatures fBr= 503 mT[41].

3. FERROFLUID BASED MR FLUIDS

The magnetorheologal effect of conventional MR fluids is affected by
irreversible aggregation and sedimentation of micron size-ferréerrimagnetic
particles, therefore various additives,g. surfactants, thixotropic agents and
polymers, are used to improve their clideastics. Various applications evidenced
along the time the shortcomings of conventional MR fluid€],[ such as
aggregation, sedimentation-iisethickening and abrasiveness, as well as severe
redispersibility issues related to the hard cake of magai#d component formed
due to longterm sedimentation. Several promising applications considered
recently, especially the development of magnetorheological earthquake protection
systems 43i 45|, as well as of MRbrakes [46, 4[fand clutches [48for hydradic
turbines and pumps, are based on a series of improvements by various new
formulations of MR fluids T, 11, 491 57] among them the ferrofluid based MR
fluids. These nanmicro composite MR fluidsg8i 61] by addressing two very
different hierarchical leus (several nanometers and a few micrometers) of
composition, exploit the advantages both of ferrofluids and conventional MR fluids
[7, 49, 52. The ferrofluid based MR fluids provide a larger fighdluced yield
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stress and magnetoviscous eff&2,[53 58i 62] compared to conventional MRFs
having the same solid volume fraction of magnetic parti@fies 10 a,b), due to

the increased interaction between multidomain Fe particles, multiplied by the
magnetic permeability of the ferrofluid carriéf

0.14
| |Fits with formula:
“(B)/ M2=7(27) I MZ + ¢ (B-27)".
Fit parameters:
m Sample D1:
0.10 ¢=1.09"10° ; n=1.85
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Fig. 101 Conventionaws.ferrofluid based MRFs. (a) Apparent yield stress normalized by
square of saturation magnetizatiersusma g n et i ¢ photk sachmes; ¢b) Rehative
increase of viscosity isH bothasamplesiZ.c vyel
(Reproduced with permission from Elsevjer.
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Fig. 127 Reconstructed tnography images of CMF spikes) perspective view;
b) view of a vertical image slic&8].
(Reproduced with permission from IOP Publishjng.

An important paicular feature of ferrofluid based MR fluids refers to
development of normal field instabilities similar to ferrofluids, which are not
observed in case of conventional MR fluidsray microtomography investigations
(Fig. 11 on magnetic yeld gradientmcobri ven stru
composite fluidg63]lar e particul arly interesting for th
MR pui ds. The r ecioRig fL2show tha the MBidboside i@ g e s
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particles migrate inhe nonuniform field but do not separate from the ferrofluid
carrier, allowing this way the formation of spikes and the use of this type of very
high saturation magnetization namicro composite fluid in low rotation speed
MF seals for high differentiglressure conditions [15]. The two hierarchical levels
structure allows a wide variety of different compositions by varying the
nanoparticle and also the micron size ferromagnetic particle volume fractions,
which determine the MR behavior of the compoditalf[64, 65].

The carriers with varying nanoparticle volume fraction values used in
experiments were practically agglomerbite e e high coll oi dal stabi
wi t h Newt oni an behavior in the absence of
conditioning @ the carrier has two main reasons, first to keep thstatke viscosity
as low as possible and second, to ensure the reproducibility of the MR response of
the composite puid. Very weak shear thinni
highest hydrodynamicvolume fraction (~60 %) close tomaximum random
packing[66].

To investigate the magnetic and magnetorheological behavior of ferrofluid
based composite fluids there were prepared and analyzed 27 samples which span a
wide range of volume fraction valuesth at the naometer leve(from 2.75% to
22.90%) andmicrometer level (from 46 to 44%) [64, 65]. The total solid viume
fraction of naneand micrometesized patrticles attains 56%8, which correspond
to a saturation magnetization of 10,772 G (857nk67], an order of magnitude
higher than that of the most concentrated ferrofluids. It is also worth mentioning
that the overall hydrodynamic volume fraction attains the value &6 8shievable
only due to the extremely bidisperse nature of the sugpef85]; it includes the
contribution of the chemisorbed organic layer coating of individual magnetic
nanoparticles imeasing their mean diameter hyfactor of 2.825, which gives the
hydrodynamic size determining the composite fluid rheology. Takimgaotount
that the hydrodynamic volume fraction of magnetite nanoparticles attains 65 %, the
upper limit for random packing, the composition of samples investigated covers
practically the whole possible ranges for both hierarchical size levels. Both the
nanoparticle volume fraction(ij and the Fe microparticle volume fractiomg¢)
were varied to achieve the optimal composition for the specific requirements of
each MR device considered. The measured magnetorheological (MR) and
magnetoviscous (MV) effects for various valuesiadnd 0 e as functions of the
applied field were compared to the characteristics of a commercial sample
determined in the same conditions, evidencing the advantages of the behavior of
FFMRF samples. The Bingham4669 and HerscheBulkley [67] type dynamic
and static yield stress€l$5, 67 increase for increasing the applied field and the
particle volume fraction value§ and e (i.e. the total particle volume fraction
Uwy) T Fig. 13 The observed increase shows a saturation tendency for large values
of magnetic induction B andre. This means the increase of fiefdluced particle
structures becomes slower as the agglate size approaches the maximum in the
given conditions (especially the composition details) and the yield stezsgs
magnetic mnduction curves change slope [68
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Fig. 13 (coninued)i Dependence of thBingham (a) and HerschBllkley (b) dynamic yield
stress, and static yield strespga the magnetic induction B in samjléhe fits for the
commercial MRF 140 CG and for the namicro composite sampga) set F500, (b) 58100

[65, 67. (Reproduced with permission from Springer.

The experimental data frorig. 13 were correlated with the following
formula that weproposed and used before in[64

o 2 A o ~ o podtl o ~
aBge aB 0o naBaQ aBag
t.q=Cae-0 d-tan - tC, F o a0 tan — 0,
o =G 0 & AN QY+ &Py © TaNMeR 0 &)
which relates by the function tantthe two models of behavior far,,=f (B):

the dependence with B at the second power for low fields and the sub quadratic
dependence for high field region, where also a strong influence of the total volume

fraction(F ,,,=F -.(1- j )+/ ) exists The fit parameters wem, c;, n, m, andB’,

and B" represents the value of the magnetic induction at which the transition
between th two kind of behaviors occurs.

The diagrams in Fig. 14 more clearly show the greater MR effect in case of
ferrofluid basd MR fluids in comparison with conventional MR fluids (sample
MRF 140 CG), at the same solid volume fraction.
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The magnetoviscous effedt e.g. Fig. 15 for the set F 500 and the
commercial sample MRF 140 CG at a shear rétgfo7.85s" i behaves in a

different way as that observed for the MR eff@@%]. Due to the much higher
viscosity of samples of the F 1000 set in the absence of the applied magnetic field,

the MR effect is lower than for the sets F100 and F30@ relative viscosity

change shows an abrupt increase for the first sample of each set (F EGDO 1,

F 10001 ) , foll owed by a ®mode2@d25) nr enean
content. The magnetoviscous effect does not increase continuousithevidded

Fe particles. For example, the magnetoviscous effect is more pronounced for the
sets F 100 and F 500 in comparison with that measured for the commercial sample.

I n case of samples of the g=t( 3F01603050) f%,r
magnetoviscous effect is smaller than that corresponding to MRF 140 CG.

As it was shown, the flow properties of ferrofluid based MR fluids
(FFMRF) are controlled, beside the applied field, also by the composition at nano
and micrometer particle size kg, in order to meet the requirements of a certain
application. For example, for high pressure rotating seals it is recommendable to
use a composite fluid from the set F 1000: alreadyrfer= 5 % the saturation
magnetization is doubled, consequently the sealing capacity increases two times,
while the magnetoviscous effect remains at an acceptable level for detomg
operation regime. On the contrary, in case of vibration dampers orridRfor
hydraulic turbines [47] the choice would be the composite fluid F&@@th high
Fe contenta e = 30 % to ensure a relatively low effate viscosity and large
magnetic field induced yield stress. In what concerns redispersibility, it is/edyati
easy for high nanoparticle content (sets F 500, F 1000) in comparison with that
observed for the F 100 composites or the commercial sample MRF 140 CG.

10" 4

Dh /1 [h(
10°

Samples: F500 (f = 11.67 %)

Magneto-viscous

effectatg=7.85s"

o F, = 0% (F500)
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20 % (F500-4)
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)
)
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35 9% (F500-7
.. = 40 % (F500-8)
.. = 40 % (MRF 140-CG)

ne*xO @ PO

F
F
F
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Fe
F
F
F
F

1072 T T T T T T T
0 100 200 300 400 500 600

B [mT]

(a)
Fig. 15

ppr t

tFhee c
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ig. continued)i ive i S Viscosi Vs ic induction iffer
Fig. 15(continued)i The relative increase of viscagitP/? magnetic induction B at different
h(0)

values of B (a), ands. volume fraction of Fe at different iron volume fraction (b) at shear rat
g = 7.85 s* 1 commercial sample MRF 140G and set F 500 [§5

(Reproduced with permisn from Springe)).

In case of conventional MRFs or inverse ferrofluids the measured apparent
viscosity data for various applied field values can be successfully correlated using

the Mason numberM,. In this way, the data referring tgﬂ =f (m) for
h, "

various B values collapse on a master c(i53 69 72].

Using the expression of mean magnetizatistaldished by Klingenberg
etal. for conventional MRFs [73 in Ref. [74] it was obtained the following
formula of the Mason number for FRFs:

Mn:72 hFFg&FIZZe =, (2)
m M ee [<MFF-MRF>' <MFF>]

in which /.. represents the viscosity of the continuum phase (the ferrofluid),

m =126AQ0°N/A’i the magnetic permeability of the vacuumm..i the

relative magnetic permeabiylitof the ferrofluid, ¢¢ = the magnitude of the shear
rate tensorm is the value of magnetic moment of the spherical iron microparticles
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dispersed in ferrofluid, F .= volume fraction of iron microspheres,

<Mremre> = magetization of FAMRF, <Me> = magnetization of ferrofluid
considered as a continuous magnetizable medium.

In this way M  will have the same expression for the whole domain of the
applied magnetic field, and each quantity in formula (8h de determined
experimentally. The Mason number allows to describe the dependence of the
viscosity of FFMRF composite on the shear rate and the magnetic induction of the

applied field by using only one variablh] ..

According to Berliand de Vicente [7Qin case of suspensions with strongly
interacting magnetic particles, such asMRFs, the Casson model wagplied

. h :
[74]. Indeed, superposition of the dat/e;@ = f (M,)on a unique curve was

o

obtained for each composite samplalhthe B values, as exemplified kig. 16.
All the data sets were fitted using the Casson formul#emrin nordimensional

form [70:
%:M;M51+Z,IM;M,}1+1 ()

where happ = apparent viscosity anfi, = viscosity at very high (infiné shear
rate.Here M is the critical Mason number, corresponding to the transition from

magnetic to hydrodynamic control of the suspension structure dwad ia similar
expression adM, i relation (2), in which the shear velocity is replaced by the

t
particular valueﬁth—C [74):

o
2
Nee FEe

2
My M e |.<M FF-MRF>- <M FF>J
By representing the apparent viscosity data measured for all the vallies af A

M’ =72

n

5 C
(%: 4

and B in the form /ﬂ):f%:ig, where C; represents the Casson number
C"Vn Ca+

h,
defined as the ratio of magnetic forces to the viscous gge%:h[}, a more
C o

general master curve is obtain@t. 17).
The data correlation was achieved usyng the formula (5):

h
—wp=C, +2,/C, +1
hu a a (5)
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Fig. 16i Non-dimensional viscositys.Mason numberh =f (M) for sample F 10@

and F 10066 for all the magnetic induction values [74
(Reproduced with permission fro&iP Publishing.)
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Fig. 177 The dependence for different values of the Fe particle volume fractis

and of the magnetic naparticle volume fraction , for all values of B [7#
(Reproduced with permission frofd P Publishing.)

In Figs. 16 and 17 the dispersion of data points is greater for samples with
high total volume fraction values (set F 1000 with high) probably due to the
increase of magnetic and viscous forces between particles and also ipmlarult
magnetic interactions [T2The explanation resides most probably in the formation
of agglomeratesstructures of Fe microparticles more complex tharctienlike
ones, starting from a specific value of Fe volume fraction. Thus, in static
conditions, under the effect of a stationary magnetic field pelipelar to the
MRF layer situatedbetween two parallel plates [[{3here have been observed the
exisence of a hexagonal pattern of colulike aggregates. Other arrangements
have been reported for MRFs and also for eledtemlogical fluids, like a volume
centered tetragonal lattice [76], branched chains [77], zigzag chaihs di78
aggregates ofrieguar shapes [79 These structures become morengticated in
flow conditions [8(. At low and moderate particle concentrations the structure can
be modeled like amnsemble of parallel chains [8ldense droflike aggregates
[82], or cylindrical aggrgates[83]. In case of FFMRFs, due to their nanrmicro
composite nature, the magnetic field induced structures are one of the most
interesting topics for future investigations.

The master curves are especially useful to find the apparent viscosity for
fluid compositions at naroand micremeter leved that were not measured
experimentally. Also, these curves offer valuable information for adequate choice
of nanemicro composite fluids for the design of MR devicAsiong many new



