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Abstract

Soft magnetic carbonyl iron (Cl) based magnetordgiohl (MR) fluids

containing three different loadings of submicroresi organoclay were prepared. The MR

characteristics were measured via rotational acdlaery tests, in which the flow curves

exhibited a non-Newtonian behavior for all inveateg samples. The dynamic yield stress

change was measured as a function of magnetic dtedshgth by adopting a linear fit of

the relation of log 1) proportional to log (H), which was originally dpal for

electrorheological fluids. The viscoelastic perfamoes of the pure Cl suspension and the

Cl/lorganoclay suspensions showed the existence os$olid-like character. The

sedimentation ratio was also investigated to confine role of sub-micron organoclay

particles on the MR properties, in which the disper stability of pure Cl was improved

with increasing the content of organoclay in thes@pension.
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1. Introduction

Magnetorheological (MR) fluids comprise of soft riefferri-magnetic particles

suspended in nonmagnetic fluids such as hydrocarkiboone oil, or aqueous carrier

fluid [1-6]. The MR fluids show the characterist€ Newtonian fluid when no magnetic

fields are exerted. However, in the presence ofrmatg field, they exhibit a continuous,

rapid, and reversible change from a fluid-like estit a solid-like state within milliseconds

[7, 8]. This is because dispersed magnetic pasticen form chains which align in the

direction of the magnetic field due to the magnpbtarization interaction, and then

returns to its free-flowing liquid state upon rerabwof the external magnetic field [9-11].

Due to their outstanding controllable mechanicarahteristics, MR fluids have shown an

immense interest from academia and industrial rekeess to design a wide range of

engineering applications such as shock absorbeakes, active dampers, and so on [12].

It is well known that during the dynamic phase &iton, MR fluids transform to chain-

like structures that lead to changes in rheologmrabperties such as yield stress, shear

viscosity, and the storage modulus similar to thfatheir electrorheological (ER) fluids

counterparts [13-16]. A typical yield stress valdeich MR fluids can accomplish ranges

from 10 ~ 100 kPa within possible magnetic fielehge. This value is in an order of

magnitude higher than that of the ER fluids. Sincagnetic fields are more stable in

operation as compared to electric fields, a nunab@ommercially available products of



MR fluids have been developed quite extensiveln BR fluids [17].

Many kinds of magnetic species such as magnetagOgly; carbonyl iron (Cl) and
others have been investigated via diverse stradgiexplore superior industrial demands
of MR fluids [2, 18, 19]. Among all, a lot of stwedi have paid enormous attention on CI
particles to fabricate MR fluids because of thasdinating magnetic properties, abundant
availability as well as appropriate size [8, 20]. However, its high density of about 7.86
g/cnt compared to the suspending medium oil, for instamclubricant oil of Yubase 8
(0.844 g/cm) induces serious sedimentation problem which teffam large density
mismatch between these two components. Based srathument, Cl particles create a
major concern for being adopted in designing MRiacks/ [22, 23]. Therefore, various
researchers have introduced different techniqueb s polymer coating on magnetic
particles or introduction of additives such as dhigpic agents, surfactants, or fillers in
order to overcome sedimentation problem. Among thbeowever, coating polymeric
shells onto the surface of CI particles to redingedensity mismatch has been reported as
a complex process in practice because of varioct®rfa affecting the coating thickness
such as temperature, molar ratio among reactivetage reaction time [20, 24, 25]. For
this reason, introduction of additives into Cl seisgion has been reported as one
prevailing method because they can prevent the igdlysontact of main magnetic

particles, which can lead to hard baking [26, 27].



In recent years, several research groups have mpaidmoth attention by using
submicron-sized fillers such as polyhedral oligamesilsequioxanes, clays and carbon
nanotubes to prepare polymer composites because thmaterials possess excellent
properties such as high surface areas as well ms-swled dimension [28-30]. When
employing single-walled carbon nanotubes (SWNT)clhntrinsically possesses some
magnetic characteristics due to their residual aatalyst resulting from synthesis process
within the wall as an additive in the Cl based M&d, a high yield stress with enhanced
dispersion stability was observed. In addition, Weroelastic behavior of the Cl based
MR fluid suggested a very strong solid-like chagastics [30].

In this paper, we report on the effect of differémedings of organically modified
montmorillonite (OMMT) submicron-sized clay add#iwn carbonyl iron (Cl) based MR
fluid. Organoclay is used in this work becauseai ceduce particle settling and enhance
flocculation stability of the MR based suspensif#i§. Rheological properties of the MR
fluids under an applied magnetic field were studwe rotational and oscillatory tests.
Sedimentation studies were also investigated.

2. Materials and methods
Soft magnetic carbonyl iron (Cl, average partisiee: 4.25um, density: 7.86 g/ci
BASF, Germany) particles and a lubricant Yubas€\aibase 8, dynamic viscosity: 46.48

cSt; density: 0.844 g/cinSK Co., Korea) were used as a dispersed phassuspending



medium for MR fluids, respectively. The OMMT used this study was Cloisite 15A
(commercially abbreviated as C15A), supplied by $lmaithern Clay Products, USA. We
chose C15A due to its higher degree of hydrophtbaimilar to that of lubricant oil as
compared to other OMMTs. According to the supplibg original clay N&aMMT was
treated via a cation exchange reaction with a diglethydrogenated tallow (tallow
consists of ~65 wt% C18, ~30 wt% C16, and ~5 wt%l)CP-ethyhexyl, quaternary
ammonium. The cation exchange capacity (CEC) ofMMT is 1.25 meq/g. To prepare
the MR fluids, the concentration of Cl was fixed2® wt% in all the systems and that of
C15A was adjusted as 0.5, 1.0 and 3.0 wt% withe@s the suspending medium. The
MR fluids were immersed in a sonifier for a few moii@s to ascertain the required final
homogeneity of the samples. In this work, the 3dataMR suspensions containing 0.5,
1.0 and 3.0 wt% C15A loadings are abbreviated &3.%C15A, C1/1.0 C15A and CI/3.0
C15A suspensions, respectively. The MR characiesigtere conducted using a rotational
rheometer (MCR 300, Physica, Germany) connectedrtagneto-rheological equipment
(MRD 180, Physica, Germany) which generate a homeges magnetic field
perpendicular to the shear flow direction. A 20 panallel-plate measuring system made
up of nonmagnetic metal to prevent the occurreticadial component of magnetic forces
on the shaft of the measuring system at a gapndistaf 1 mm was used. All the

measurements were carried out at 26 °C. The sethtiem behaviour of pure Cl and the



MR fluids was studied using Turbiscan (MA200, Tedan Laboratory, France).

3. Results and Discussion

The MR performances of various suspensions werausiad by using a rotational
rheometer via a controlled shear rate (CSR) modedlanshear rate test ranging from 0.01
to 1000 & via a log-log scale. To ensure reproducible resuftuspensions were
mechanically stirred using a vortex mixer for 2 mmor to MR characterization. Figures
1(a) — (c) present the flow characteristics of botine Cl and CI/C15A based MR fluids
for different C15A loadings obtained in a contrdllshear rate under varying external
magnetic fields ranging from 0 to 342 kA/m of fiedttength. It is apparent that a typical
observation of MR fluid was obtained, in which shesress grows quickly under
increased external magnetic field strength. Thearsskstress curves for pure Cl and
CI/C15A suspensions containing three different C1a#dings of 0.5, 1.0 and 3.0 wt%
exhibit a non-Newtonian behaviour. This behavioreigresented by showing a non-linear
relationship between the shear stress and shearoxer the entire shear rate region
studied. This behaviour can be attributed to aarpdrticle interaction, which indicates
that the robust particle cluster structures cowgtdl within fluid under an applied
magnetic field are continuously broken and theormagd until the shear rate of 200 s
[23]. However, pure CI suspension and CI/C15A sosjpais exhibit an opposite behavior

at a very high shear rate region in the absenaxiginal magnetic field, particularly in



the case of CI/3.0C15A suspension as shown in1Hg)), in which the shear stress does
not change very apparent which is similar with Nmwan fluid. This is a typical

phenomenon observed in ER fluid which is analogoudR fluid [31-33].

Fig. 1.

Figure 2 depicts the changes of shear viscositeptre Cl based MR suspension
and different CI/C15A MR suspensions as a functwnshear rate at four different
magnetic field strengths of 0 to 342 kA/m. In ortieicontrol the properties of MR fluids,
an increase in shear viscosity of the fluids playsritical role. The induced magnetic
moment of the particles caused by the exerted magdineld is parallel to the direction of
the field, while the viscocity of the flow is perp#cular to the magnetic field direction
under the shear deformation. The resulting angled®n magnetic moment and magnetic
field gives rise to a magnetic torque hamperingftbe rotation of the particle and, hence,
the shear viscosity of the fluid will increase [3&fom our results, it is also possible to
observe an abrupt decrease of shear viscosityl@wv a&hear rate region (shear thinning
behaviour) for pure Cl and CI/C15A MR suspensiondicating that dispersed magnetic

Cl particle structures developed under externalmafig fields remained until the shear



rate of 200 3. The shear thinning behavior is due to the chamfesternal structures
under shear deformation [23]. In addition, it iselvable that in the absence of magnetic
field strength the shear viscosity increases witlt@asing the loadings of C15A in the CI
suspension as shown in Fig. 3, in which their rbgickl behaviors follow a conventional

additive suspension system.

Fig. 2.

Fig. 3.

The oscillatory tests were carried out under fatfeent magnetic field strengths of
0 to 342 kA/m in order to investigate the viscoetabehaviour of the MR fluids when
magnetic field is exerted. Parts (a) and (b) of. Fgrepresent an amplitude sweep
measurements which describe the changes of thegstonodulus (¢ and loss modulus
(G") as a function of strain for Cl based MR suspansiad C1/3.0 C15A based MR
suspension, in which both’@nd G designate the measurement of elasticity and vgscou
behavior of the fluid, respectively. The dynamicsoaelastic characteristics were
determined using strain ranging from 0.001 to 1GO% frequency ranging from 1 to 100
rad/s. It is obvious that 'Gs considerably greater than’ @& the entire range of strain,

which suggests the existence of a solid-like bedrathian a liquid-like behavior. The'G



increases with increasing the magnetic field stitenépr all the samples investigated.

Fig. 4.

Moreover, it is evident that at a fixed magnetieldi strength, G values are

independent of frequency, in which all samples lexiplateau behavior over a wide range

of frequency studied as shown in Fig. 5. This berandicates that the samples posses a

very strong solid-like behavior rather than a latike behavior [30, 35-37], which is an

evidence of the dominating factor of elastic proyewver the viscous one. Furthermore,

the CI1/3.0 C15A MR suspension exhibits smallérv@ues as compared to both CI/0.5

C15A and CI/1.0C15A MR suspensions. This behaviouldt be due to the higher

magnetic property of the CI particles as compaceitheé CI/OMMT systems. The increase

in elastic performance is in accordance with tlseilteof flow curves discussed above.

Fig. 5.

Our flow curves results indicated that both pureMR suspension and CI/C15A

MR suspensions behave in a similar fashion, in tvBleear stress increases with magnetic

field strength, which is a typical behaviour obsehfor ER fluids [30, 33]. Different
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authors have suggested several models to destebygidld stresst() for both ER and
MR fluids via shear stress equations [38-41].

By analyzing these models, our results indicate titra induced yield stress changes
in a similar pattern, in spite of the applied er&rfields. Thery, has been investigated as a

function of the applied magnetic field strengthyX42], in which the yield stress was

divided into two different regimes based on At low Ho, 7, is proportional to 4 due to
the local saturation of the magnetized particlesl typically approache%lg/2 at higher
Ho. It is known that for field strength high enough dchieve complete saturation, the
particles can be treated rigorously as dipoles gt#] both the stress and modulus are
independent of field strength and scale as saturatiagnetization (N). In this case,
under a moderate magnetic field strength, there emest a critical magnetic field strength
(Ho) satisfying t, 0 H,**(H<Ho) and t, O H,* (H>H). A universal yield stress equation

was introduced by adopting critical electric fiedttength (E) to examine ER fluids

indicated as follows [39]:

T, (E,) = O(E02 L VEO/EC
V EO/EC

wherea is depended on various factors such as the dielexinstant of the fluid,

(1)

the volume fraction of the particles as wellfase,-ec)/(ept2ec). €ois permittivity of free

space,¢c is dielectric constant of liquid media, angdis dielectric constant of solid

11



particles. E denotes the critical electric field strength amgfed from the nonlinear

conductivity model and can be obtained as the ok@sspoint of the slopes oy ks 1y

plot (in log-log scale).

Equation (1) has the following two limiting behawiat low and high electric fields

represented by two regimes appeared in ER fluiéls [8spectively:

1, =oE;> for E, << E,, (2a)
1, = /E.E,’? , for E, > E,. (2b)

Equations (2) indicate thaj is proportional to F (at a low electric field strength)
and changes rapidly tﬁg/2 for high k.

By normalizing Eq. (1) usingdandr, (E, )= O.762aEc2and

t =1.313E% tanh/E 3)

Based on Eq. (3), yield stress data for ER fluidkapses onto a single curve for a
wide range of electric field strengths.

Therefore, if we assume the similarity between BR BIR fluids, and hypothesize
the existence of a Hfor MR fluids, a new universal yield stress coatiEln can be

proposed as follows [30]:

o (H)=aH,’ tanh/H,/H,
VHO/HC (4)

Here, o is related to the susceptibility of the fluid amdlume fraction or other

12



analogous physical parameters apldave two limiting behaviors with respect tg, H

1, =oH,’ for H, << H_, (5a)
1, =0 [HHY?  for H, >> H.. (5b)
Fig. 6.

It is well known that the, developed in the MR fluid increases monotonicallth
growing magnetic field strength. Thg continues to increase until the fluid reaches
magnetic saturation. The dynamic yield stress fametion of magnetic field strengths for
different CI/C15A suspensions is shown in Fig.t&an be seen that for both C1/0.5 C15A
and CI/1.0 C15A suspensions, the dynamic yieldssteecords very well with Eq. (4) and
the H value is about 107.9 kA/m, while the magnitude léd slopea for C1/3.0 C15A
suspension, obtained from the linear relatipus H" (log-log scale) is 1.08 + 0.005 [42].
However, it has been proposed that in the facteafl&@ds, the value of deviates from 2
due to several factors such as shape and congentddtthe particle as well as nonlinear
conductivity of the suspending medium oil [43-4&]low value ofa in the case of C1/3.0
C15A based MR system can be attributed to higheatnation of C15A particles.

Then, a generalized scaling relationship can baiodd by scaling Eq. (4) viacHand
1,(Ho)=0.7621 H¢” as:

13



0¥2 O
T=1313H tanh\/; . (6)

It is apparent that the data obtained from the flbwve, Fig. 1, collapses onto a
single curve by employing Eq. (6) and the resulesdepicted in Fig. 7. It must be noted
that in the case of CI/3.0 C15A based MR systemdtta were chosen arbitrarily to obey
Eq. (6). To improve the experimental data, a ums&ercorrelation in Eq. (6) can be
modified by an additional parameter b, which waggasted for the systems that are not in

good agreement with Eg. (6) while the plots seenfottow an alternative curve as

reported by Choiet al [39]. Therefore, we rescaled with 1=tA%*and A with
IE| =H and derived a modified scaling equation as foltows
2 21.313A%anm/ Al )

From Fig. 8, it can be seen that the poir:rtslf(), which were recalculated by setting
b = 0.29, were located along the curve of Eq. (Ihwimaller deviations than the dafg, (
I:|) obtained using Eq. (6). For this reason, Eq.d@) be useful in constructing the
master curve for MR fluids. It is also notable tHa deviation of the Hdoes not change
the scaled yield stress equation while the poibtydhe universal yield stress equation as

reported elsewhere [41], increasing for higheraHd goes down for lowerH

Fig. 7.
Fig. 8.
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We also investigated the dispersion stability & MR fluid by using Turbiscan.
When sedimentation of particles takes place, #estnission profiles vary with the height
of the cell with time and a transparent supernanin$§ because the magnetic particles
sediment in suspending medium oil as shown in iglhe images on top are snapshots

taken for Cl and CI/C15A MR suspensions.

Fig. 9.

It is evident that the pure CI based MR suspensetties more faster than all that
of CI/C15A based MR suspensions for the same duraif time due to density difference
between pure CI and CI/C15A MR suspensions comgirdifferent C15A loadings,
indicating that the dispersion stability of CI/C13AR suspensions is better than that of
pure Cl. The improved dispersion stability is dadhte gap-filling submicron-sized C15A
particles between the micron-sized CI spheres. thisr reason, the role of organoclay
particles can be confirmed [27, 30].

4. Summary
This work presents the results on the preparatiwhcharacterization of MR fluids
containing three different loadings of submicroresi organoclay particles added in ClI
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suspension. The MR characteristics were found tontheenced by the presence of sub-
micron organoclay particles. In addition, viscogtaproperties and the sedimentation
were also investigated, in which a solid-like bebawas observed for all the samples
while the presence of submicron-sized organoclaiigbes in the Cl suspension exhibited
an improved dispersion stability of the MR fluid.
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symbol) and CI/OMMT suspensions (closed symbol)enrfdur different magnetic field
strengths and various organoclay contents of @, (b) 1.0 wt% and (c) 3.0 wt%
Figure 3: The changes of shear viscosities as etitmof shear rate for pure Cl (open
symbol) and CI/OMMT suspensions (closed symbof)x&td magnetic field strength and
various organoclay contents of (a) 0.5 wt%, (b)wWt% and (c) 3.0 wt%

Figure 4. Amplitude sweep dependence of (a) theag® modulus ($ and (b) loss
modulus (G) for CI suspension (open symbol) and C1/3.0 OMMT p&usion (closed
symbol) at four different magnetic field streng#rsl various organoclay loadings

Figure 5: Frequency dependence of the storage med@ for Cl (open symbol) and
CI/OMMT suspensions (closed symbol) at various nog#éay loadings of (a) 0.5 wt%, (b)
1.0 wt% and (c) 3.0 wt% and constant strain 6t %0

Figure 6: Replotted dynamic yield stregs magnetic field strengths for CI/OMMT
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suspensions

Figure 7: Plot of T vs. H for three different C/OMMT suspensions. Here, tlaga for
Cl1/3.0 OMMT suspension were chosen arbitrarily beythe universal equation.
The solid line is obtained from Eq. (6).

Figure 8: Plot of T vs A for various CIIOMMT suspensions. The solid linektained
from Eq. (7)

Figure 9: Sedimentation ratio as a function of tifoe (a) pure Cl suspension and

CI/OMMT suspensions with different organoclay loags of (b) 0.5 wt% (c) 1.0 wt% (d)

3.0 wt%.
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Fig. 2
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Fig. 4
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Fig. 7
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Fig. 8
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Fig. 9
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