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Abstract-In  order to improve the stability of magnetorheologicaI (MR) fluids, viscoelastic medium having 2.2 Pa 
yield slress has been used as a continuous phase and nanosized C102 particles are added too. The theological pro- 
perfies as well as the dispersion stability of MR fluids have been studied by using a stress-controlled rheometer and 
sedimentation test. The steady-shear MR response was independent of the continuous and na~o additives and the field- 
induced yield stress increased subquadrahcally ruth the flux density. Since the constant stress is generated within the 
limit of zero shear rate, the plateau m the flow curve corresponds to the Bingham yield stress. Under an external field, 
the yield stress vaJed as B 3~2. The yield stress has an approximately linear relation with the par~cle volmne fraction. 
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INTRODUCTION 

IvlagnetorheologicaI fluids, coilsisfing of magnetizable particles 
dispersed in the carrier medium, show ~ q u e  abilities to undelgo 
rapid, nearly compIetely reversible, and significant changes m their 
strength upon application of an external magnetic field. Typically, 
this change is manifested by the development of a yield stress that 
monotonically increases with the applied field. It has long been re- 
cognized that these IvIR fluids have the potential capability to radi- 
cally change the way m which eleclromechanicaI devices are de- 
signed and operated The 12otentiaI applicability of MR fluids has 
s t im~ted  considerable research activities in developing controlIa- 
ble shock absorbers, clutches, and engine mo~at, altemators, power 
steering pumps, control valves, and artificial joints [Phule and Gin&a; 
1999]. 

The MR effect is attributed to the field-induced magnetization 
of the disperse phase relative to the conImuous phase [Ginder, 1996; 
Grader et al., 1996]. Particle magnetzation in an applied magnetc 
field can be desa'ibed to Ieaclmg order as a magnetic dipole. The 
dipolar partMes align head to tail in the direction of the magnetic 
field, resulting in the experlmentally observable fibrous s~cture. 
The fibrous s~uc~-e can be broken with the external flow and the 
yield stress is related to the force required to break these columns. 

Various materials of MR fluid systems have been described in 
the Iitera~re:suspensions of polymer-coated nanosize (diameter 
--30 urn) femte par~cles ['Kormarm et al., 19%], iron-cobalt alIoy 
particles [ivlagida et al., 1996], and meso-scale carbonyl iron and 
nickel-zinc femtes [Phule and C4nder, 1996], carbonyl iron and nano 
scale magnetic particle additives (Co-~t-Fe203, CIO2) [Chin et aI., 
2ooo]. 
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MR fluids composed of tt~- above materials have h i ~  yield stress 
of 10-100kpa at a stroilg magnetic field of 10T. Howevei; sedi- 
mentation is a significant problem m the develognent of suitable 
IvIR fluids, since the par~cles are too dense compared to the carrier 
fluid. When particles settle, the field-induced particle chains form 
incompletely at best, severely degrading the MR response. In fact, 
applicahon of conventional stabilization methcxJs for concentrated 
suspension is not satisfactory. Phule and C4nder reported the effec- 
tiveness in stabilization ofnanoscale additives such as silica, fibrous 
carbon, and other polymers, via forming a coating layer on the MR 
particles or making a thLxotropic network [Phule and Gindei; 1996; 
Phule, 1998]. The use of convenhonaI additives to prcduce stable 
dispersion is, however, not successful since the added addihves may 
deteriorate the columnar struc~-es of MR particles under the mag- 
nehc field. 

The ability of a viscoelastic inedium to suspend isolated parti- 
cles has been characterized by the gravity yield parameter [Chhabra, 
1993; Rankm et al., 1999]. 

Yo=~g/[gR(pp- p)] (1) 

Where "r G is the yield slress of the viscoelashc medkrn, g is the 
acceleration of gravity, R is the particle radius, pp is the particle den- 
sity, and p is the density of the viscoelastic medium. Larger values 
of YG inclicate better ability of the viscoelastic medium to suspend 
the particles. If  YG is greater than Y~"~G the medium will prevent a 
pafacle fi-om settling. BUt the medkrn having larger values of YG 
has very higr viscosity so the volume flaction of magnetic particles 
can be dispersed in medium and IvIR fluid applications are limited. 

In this study, we used a viscoelastic medium that has low yield 
stress (2.2 pa) as a continuous phase and carbonyl iron as magnehc 
par~cles and nano-size ferromagnetic CrO2 particles as stabilizing 
modifier. The synergistic stability effect using nano-sized particles 
m the viscoelastic medium was studied and the rheologicaI behav- 
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ior hi steady shear flow was exp~mentally investigated by using a 
pm'allel-plate type commercial rheometer w~h a magnetic induc- 
tion iron yoke. 

E X P E R I M E N T A L  

1. Preparation of M R  Fluids 
Viscoelastic medium was prepared by mixing vacuum grease 

(Dow comiug) and silicone oil (Shin Etsu Chemical 100cs). The 
medium yield stress was controlled by grease/silicone oil weight 
ratio. The grease was diluted with silicone oil to 10%, 25%, 40% 
to obtain media with dynamic yield stress of  1-13 Pa (Fig. 1). To 
increase misc~oility of grease and silicone oil Span 80 was used as 
a surf act ant 

Magnetotheological materials are normally composed of mag- 
netically soti ferronlagnetic or fenimagnefic pmticles, typically great- 
er than 0.1 ~m hi diameter, dispersed in a canier fluid. In this sys- 
tan,  caYoonyl iron [Fe(CO)s, fixxn Sigma] ~vJth density of 4.4g/ 
on s and diameter in file lange of 4.5-3.2 ~m was used. These par- 
ticles were directly dispersed with specified weight ft'action [v~hich 
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Fig. 1. Shear stress as a fm~clion or shear rate for grease was di- 
luted �9 a*th silicone a l  (100cs) to 10, 25, 40 wO/o, ~ith the dy- 
namic ~ d d  s~esses ran~ing front L5 to 13. 

in turn conva~ed to the volume fraction (4)] in a medimn. 
To make stabilized MR fluids usiug viscoelastic medium having 

relatively low yield stress (2.2 Pa), 0 0 2  (Du Pont) partides were 
also used as stabilizing additives. 0 0 2  pmticles were treated by 
polydimethylsiloxane bis(3-aminopmpyl) ruminated (Aldridl Chem- 
ical) as a mrfactalt and dispa'sed in x4scoelastic medium as a5 w%, 
10 w%. These ferrofluid suspensions were agitated during 24 hr 
with mechanical stin'er at 1,000 rpm; the mixing bottle was filled 
with zirconia beads (500g) of 2ram diameter The carbonyl iron 
suspension ofr ~vJth various concentrations ofCr02 pmti- 
cles were prepared and then the theological proper'des and the be- 
havior of stability were investigated. 
2. Micros~uctm'e  Investigation of Parlieles 

The cmbonyl iron and 0 0 2  particles employed in this study were 
characterized by using scatmiug electron microscope (SEM). Fig. 
2(a) and (b) shows file morphology of carixmyl iron and 0 0 2  par- 
ticles, respectively. The shape of the cmbonyl iron is sphaical but 
that o f  CtO2 is needle like. 
3. Magnetic Prop~'ties 

A custma-built v~oiafion sample magnetmaeta" (VSM) was used 
to detamine the quasistatic magnetic propalies of  MR fluick An 
electric field was generated by aelectromagnet driven by a switch- 
ing powa" supply (AML) and a Hall-effect gausaneter (Walker Sci- 
enfi.fic) was used. The sample was contained in a cylindrical vol- 
unle of the glass tube between the coil bobbins. When mechanical 
vibration is applied to magnetic materials in a conAant magnetic 
field, the induced voltage is generated in the pick-up coil~ such vol- 
tage is proportional to the magnetic moment of materials. 
4. Measurement of  the Rheological Properties 

Magnetic fields were generated with an electromagnet (Fig. 3), 
which was ccnmucted fixml low coercivity h~on. A thousand tmns of  
insulated whe were ~rapped around the yoke. An elecbic field was 
generated by a switching power supply. Magnetic flux was meas- 
ured with a Lakeshore gausaneter (model 450). The magnetic probe 
was placed between a dLeometer plate and the electromagnet, with 
the probe tip less than 0.1 mm fi'om file shaft. The nmgnetic flux 
was controlled by the coil oanent control. The relation between mag- 
netic field and coil current is shown iu Fig. 4. 

The magnetodmological propafies of'MR suspensiens were meas- 
ured with a commercial parallel-plate dLeometer (,~RES, Rheomet- 

,t::<! 

Fig. 2. Scanning decO'on microscope of the carbonyl iron (a) and CrO2 (b). 
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Fig. 3. Schematic diagrunt of the apparatus for the theological 
meastronent in the magnetic field along the r of 
velodty gradient. 

not contain high vohme fiaction of magnetic t:oxticle because of the 
viscosity enhanoement problem. So we used aviscoelastic medium 
having i~elatively lower yield stress aid lower viscosity than that of 
viscoelastic medium demonstrated by Rankin et al, 1999. Instead 
of using a viscoelastic medium having high yield slress, we used a 
viscoelastic medium having 2.2Pa yield stress and then added a 
ferromagnetic nano additive (CrO2) mixawe. MR fluids ~v~l CrO2 
nanoadditive for stability against gravity have been introduced by 
Chin et al., 2000. But the time scale of  stability ranged only up to 
50 hr By using ferromagnetic nanoadditive, the synergistic effect 
against sedimentation of the viscoelastic medium was investigated. 

Fig 5(a) ahows the effect of  viscoela_sticity on the dispersed sta- 
bility of  MR suspension. Each suspension contains cmbonyl iron 
pailicles with ~::0.1 mid no nanoadditive pmficle~ Three kinds of 
medium (yield slre~: 1.5, 2.2, 13 Pa) wet~e tried as ~hown in Fig. 1. 
Fig. 5('0) show~ the effect of nanoadditives for stability using vis- 
coelastic mediunl hav~ng 2.2 Payield mess. In the present method, 
settling of the macroscopic phase boundary between the concena'a, 
tion suspension mid the "mpematant" liquid was observed, since it 
can be simply applied without the limitation to the properties ofpar- 
ticles/ialedkun or the concenlration. The ratio of  sedimmtation in 
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Fig,. 4. Magnetic field generation as a function ~ coil owrent. 

tic Scientific Co.) attached with an electromagnetic iron. Stainless 
steel parallel-plate f~ures wet~e used mid the gap was set to 0.5 nun. 
The magnetic flux perpendicular to the shear flow was generated 
by the elect~omagnefic iron. Although g~avitation settling of the 
MR fluid samples was not observed during the tests, all samples 
were mixed well before the theological measurements and changed 
with new ones at each measurement. 

RESULTS AND DISCUSSION 

1. Effect of Stab~izlng ~r Medium and FeiTomag- 
nelic Part ides  

The gravity yield parameter Y~ [Eq. (1)] characterizes a vis- 
coela~c fluid's ability to prevent ap~'ticle fi'om settling. A higher 

�9 O value of Yo means higherzo and higher viscosity ofmedimn. That 
might litnit the application of lVIP, fluids mid also the MR fluids can- 
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Fig. 5. Sedhnentation ratio v e i ~ s  ~me for carbonyl iron stt~pea- 
~ions @=02) using vm'ious viscoelastic medium and con- 
~ g  varim~s percent ~ the CrO~ particles. 
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Fig. 5(a), (b) is defined as: 

.. . volume of the supematant liquid , ^^ Ratio of se&mentaaon = . . x l o o  

volume office entire suspenson 
(2) 

Therefore, the sedimentation ratio test reflects the role of  stabiliz- 
ing additives on the bun cad~onyl iron particles and does not ac- 
count for the stability of highly stabilized tiny colloidal pmticles 
[Lee et al., 1998]. The long-team stability of  the MR fluids was fairly 
enhanced with increasing grease contents in medium as shown it] 
Fig. 5(a). When fie 2.2 Payield stress medium was used MiCe. sus- 
pension showed relatively high stabiSty. But sedimentation behav- 
ior was observed as time passed. In other words, the v~due of Y~ 
wm less than the critical value (Y3"). For further increasing stability 
CrO: particles were used as stabilizing additives in order to prevent 
p~aticle aggregation, structure kaniers between c~bonyl iron pati- 
cles. The retardation of sedimentation was observed so that it can 
be said that the t~e-di~etsibility was iml~'OVed greatly. Fig. 5('0) ~e- 
presents the effect of  fm-om~gnetic additive materials (CtO:). The 
time scale of  stability is around 15 days That meaus the nanoaddi- 
tires effect is more powerful than that case of  using newtonian me- 
dimn [Chin et al., 2001]. 
2. Magnetic Properties of MR Suspension 

Fig. 6 shows the normalized magnetic field-dependent magneti- 
zation (M-H curve) for the carbonyl iron ~nspension, measured at 
room tempe~ure. The magnetization increases very rapidly, in- 
creasing the applied magnetic field, and at above 8 kOe, satm~tes 
to M;. The MR effect increases with increasing extemal magnetic 
field. 
3. Steady Sh ear and Yield Stress 

Rheologic~l behaviors of  MR fluids that have stability againa 
gravity were invesaigated under steady shear flow and static mag- 
netic fidd. Dynamic yield s'a'ess measm'ements weae made using 
the following step. The suspension was sheared (~>10 s -~) at zero 
field for 60seconds to distribute the pa~lides unifomfly Fig. 7 shows 
the x~ariation of shear slress versus shear rate as a function of  mag- 
netic field for cagoonyl iron suspension q~=0.2 dispersed in vis- 
coelastic medium (grease 25 w%, CrO2 10w%). Withont amag-  
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Fig. 7. Steady shear stress verms shear rate for earbonyl iron dis- 

persed in viscoelas~c medium (grease 25 w%, CrO~ 10 
wO/o). 

nefic field, the dynamic yield stress of  MR fluids shows about 3-4 
Pa. But with increasing magnetic field the MR fluid shows Bing- 
ham plastic behavior wifl~ yield m'ess 1-6 kP0, representing the sta- 
ble chain strucRwes of magnetized particles The yield slress of  the 
medium is negligible con~pared with that of the case under a mag- 
netic field, but viscodastic properties of  the mediun~ showed good 
enhancement of  stability as shown in Fig. 5(0, b). lVlagnetic fields 
were generated with an electromagnet (Fig. 4), which was con- 
~ucted fi~m low coea~civity iron. From the shear stress-shear rate 
craves, dynamic yidd m'ess c ~  be easily obtained by the extrapola- 
tion to zero shear rate (practically, at the plateau stress in the range 
of low shear rate, j'=0.1 s -~) [Chin et al., 2000]. In Fig. 8, dynamic 
yield m'esses of three MR fluids ~ae sho~m as a fia~cticn of applied 
magnetic field B. The yield stresses of  20 v% (~=0.2) are obsea'ved 
to inaease with B ~ dependence. That value deviaed a little with 
nun~etical and analytical models developed by Ginder et al., 1996. 
This albquadtx~ic dependence of flux density is a consequence of 
the local saturation of the magnetizaion in the polar or contact zones 
of each particle. But when the magnetic field exceeds 0.25T the 
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Fig. 6. Normalized ma~tetic moment as a function of induced 
ma.~tic field (Ho) for the carbonyl iron mspen~on. 
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Fig .  9. Dynamic yield s tress  a s  a f i m d i o n  o f  p a r l i d e  vohmme frac- 
lion using viscoeinstic medium (25 w~ grease,  10 w*/o C 3 ~ )  
at rations magnetic field. 

yield stress shows saturation. The yield stress of different kinds of 
MR fluids showed similar values. This phenomenon show coi1- 
tinuons phase and magnetic nano-additive particles did not aff'ect 
yield stress of MR fluids. Chin et al. have shown that magnaic nano- 
particles affect MR yield ~'ess at low magnetic fidd. But nanoad- 
ditives could not give any synergistic effect against yield stress be- 
cause of low magnetic field in Chins system [Chin and Pak, 2001]. 

The effect ofcarbonyl iron vohmle fi'action on file dynamic yidd 
stresses for applied magnetic flux densities of 0.095, 0.222, 0.300T 
is plated in Fig. 9. A medium comaining 25 w% grease and 10 w% 
CrO: was used The dynanic yield s~ess has an al~n'oximately linear 
relation with file volume fi'action at this moderate flux density. 
4. Viscodasfic Properties in a Small Strain 

While the MR fluids exhibit Binghanl plastic behaviors with an 
apparent yield stress, they often were described as viscoelastic ma- 
terials in file range o fa  maall strain ofoscillaoty flow. The response 
of slress in ER fluid subjected to a sinusoidal s~ahl o f  small am- 
plitude shear flow shows a linear viscoelastic behavior, uahere file 
amplitude and phase angle of  the stress are dependent upon the ap- 
plied electric field ~-ength [&nxJan et a~, 1992; Khn and Klingen- 
bay,  1997]. The response becomes, however, nonline~" and devia- 
tion from the viscoelasticity occurs with increasing s t i l l  amplitude, 
due to the break o fch~ l  [Chin andPark, 2001]. In the case of MR 
suSlOensions, Nakano et al. inves~igaed the dynmnic viscoelasticity 
in pressure-driven osdllatory slit flow, which is impotlant in file 
design ofdmnpers using MR valves [Nakano et al., 1998]. 

For two kinds of  MR fluids, cmbonyl ilion (<~=0.1) dis--pa~ed in 
viscoelastic medium (grease 25 ~v%), cmbonyl it'on (qb=0.1)dis- 
pet'sed in mineral oil, Fig. 10(a) shows file dependence of G' and 
G" on file strain mnplitude ('3 for oscillatory shear flow. Small swains 
were employed to ensure that file suspension s~uctm'e was not fig- 
nificantly altered by file defotmaion. The region of linear viscoelas- 
ticity, ~here C_] and G" are not dependalt on file amplitude ofs~rain, 
is res~cted to v a y  small s~ain, as shown in Fig. 10(a). C_] and G'  
rapidly decrease with increasing ampli'ude of  strain, causing file 
non-linearity. At v a y  anall strain t~lge ("/<0.3%), G' behavior of 
both MR fluids was similar. MR fluid using mineral oil as medium 
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Fig. 10. (a) Storage shear a n d  l o s s  moduins as a funolion of m-sin 
amplitude for the cm'bottyl n'on @=0.1) in viscoelastic me- 
dinm ~ 25 w%) m d  Newtolliml medilmt (silicone o!1) 
under 0 . 0 7 8 T .  (b) Storage shear and loss modulus as a 

function of strain frequency for the cm'bmlyi iron @=0.1) 
in visoelas~ic medium (grease 25 ~*/o) and nevaonian me- 
dimn (silicone oil) under 0.078T 

shows a very rapid decrease with inaeasiug amplitude of swain. 
But MR fluid using viscoelastic medium shows that file decreasing 
of storage modulus was retarded. In other wolds, dlain defonn~ion 
of MR fluid is retarded by viscoelastic medium and so file break 
point of  the chah cluster shills to higher s~a'ain ~nplitude than that 
of anewtonian medium. In file linear viscoelastic region under very 
small strain (y=0.1%), Fig. 10(b) shows the G' and C2' as a func- 
tion of sWahl frequency for two kinds of MR fuids The storage 
shear modulus (C_]) of  MR fluid shows constant ova" wide i'~lge 
of driving frequencies. This behavior of G' and CY' is shnilar to file 
result offiequency-plateau of G' and C__]' in typical ER ( e l e ~ h e o -  
logical) fluids. 

CONCLUSIONS 

Magnetottleological fluids that show v a y  good afllancement of 
stability ag~ls~ gravity have been successfully prepared by using 
viscoelastic medium and magnetic nanoaddifives (CrO2). Tile rod- 

S e p t e m b e r ,  2001  
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like, small particle seems to play a role of steric repulsion between 
the c~bonyl iron particles so that the stability against sedimenta- 
tion has been improved greatly. The stable suspension remains for 
very long time. Effect of the nanosized particles as a good stabi- 
lizer is much more evident in viscoelastic medium comlmred with 
the case of newtonian meditml. The synmglstic effect of nanoaddi- 
fives in viscoelastic medium has been observed obviously without 
any reduction of the dynamic yield stress of MR fluids. This means 
that the small particles using stabilizer do not affect the chain struc- 
ture at all under a magnetic field. 
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