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a b s t r a c t
The behavior of carbon cone (CC) particle dispersions in electric and magnetic ﬁelds is presented. The
behavior of CC dispersions in an ac electric ﬁeld was studied by the use of electrorheological (ER) measurements. Low ac electric ﬁelds were sufﬁcient for ﬁbrilar structures to form. However the structures
formed were relatively weak as determined by ER measurements and this was attributed to the high conductivity of the particles. This is also consistent with the low relaxation frequency found by impedance
spectroscopy. The behavior of a dispersion of CC added ferroﬂuid was studied using magnetorheological
measurements. The relative increase in viscosity was found to be around 1.2–1.5 for low magnetic ﬁelds
and low shear rates. This was attributed to purely hydrodynamic effects caused by CC particle–particle
interactions.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
In some particle suspensions subjected to an electric or magnetic ﬁeld, the particles form ﬁbrilar structures which may change
the properties of the suspension from liquid-like to solid-like. These
kinds of suspensions are called electrorheological (ER) and magnetorheological (MR) ﬂuids and they are used in a wide range
of applications [1,2]. By measuring the rheological properties of
these ﬂuids the strength or rigidity of the ﬁbrilar structures may
be studied. The solid phase of such suspensions may be composed
of various materials such as silicate ceramics, conductive organics
and polymers. Numerous articles also report the use of carbonaceous particles of various kinds [3–8]. Some of these suspensions
function as ER ﬂuids. In other cases it is the resulting ﬁbrilar structures that are interesting as they may be used for conductive paths
in composites [4,7]. In this work a unique material called carbon
cone material is used as the solid phase of various suspensions. Little experimental work has been done regarding this material, hence
the basic physical properties are mostly unknown. The material
is produced in an industrial scale process named Kværner Carbon
Black & Hydrogen process [9]. Particles with conical and disk shape
result from the process. The large scale process greatly reduces
the material cost making the investigation of this materials inter-
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esting for possible future applications. Compared to carbon black,
also produced in industrial scale processes, the carbon cone material contain particles with semicrystalline structure. In addition the
conical particles represent perfect structures with a closed tip, creating unique electronic properties in the tip area [10]. At the present,
pure samples representing only one geometry does not exist and
ﬁnding an efﬁcient puriﬁcation process has proven difﬁcult. Hence
this study investigates the behavior of the mixed carbon particles
in a dispersion in an electric and magnetic ﬁeld. The inﬂuence of
the particle concentration and the electric/magnetic ﬁeld on the
apparent viscosity is investigated. The ER effect is discussed with
regard to the particle conductivity and the relaxation frequency of
the dispersion. Possible applications are also discussed.
2. Experimental
2.1. Materials
The carbon cone (CC) particles provided by n-Tec AS [11], were
used as the dispersant phase in both ER and MR ﬂuids. The particles
were used as produced. The particles have various geometries consisting of approximately 20% cones, 70% disks and 10% amorphous
carbon. The size distribution typically varies from a few hundred
nanometers for the amorphous carbon to about 5 m for the largest
disks, with most of the particles having dimensions of 1–3 m, as
determined by SEM analysis, Fig. 1.
For electrorheological studies the dispersive phase used was
polydimethylsiloxane (silicon oil) (Dow Corning, density  =
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Fig. 2. The experimental set-up for impedance measurements, using a cell with
two-electrode conﬁguration.

2.3. Magnetorheological measurement
Fig. 1. The dispersant phase consisting of carbon cones, disks and amorphous carbon
particles.

0.976 g/ml, viscosity  = 100 mPa s at 25 ◦ C, dc conductivity s ∼
10−12 S/m [12], permittivity εs = 2.8). The ER samples studied were
prepared by mixing the carbon particles with the silicon oil. Four
samples were prepared with concentrations 0.2, 0.5, 1.1 and 2.5 wt%.
After mixing of the particles with the ﬂuid, using ultrasonication
(20 min at 30 W), the CC particles were well dispersed in the silicon
oil. The dispersions were stable for days depending on the volume
fraction.
For producing a magnetorheological ﬂuid we used ferroﬂuid
(FF) EMG901 from FerroTec with bulk viscosity 10 mPa s at 27 ◦ C,
density 1.53 g/cm3 at 25 ◦ C, and saturation magnetization 60 mT
[13]. The carrier liquid of this FF is a synthetic isoparafﬁnic
solvent with an anionic surfactant (oleic acid). The magnetite particles (Fe3 O4 ) are predominantly spherical with diameter 10 nm
with log-normal distribution. The MR sample was prepared mixing 1.5 wt% CC with the ferroﬂuid using vigorous shaking and
then sonicating for 1 h. The dispersion was stable for a couple of
hours.

2.2. Electrorheological measurements
ER properties of the samples were measured at 25 ◦ C using a
rotation type rheometer (Physica MCR 300) with an ER cell with
concentric cylinder geometry. The gap between the cylinder and
the cup was 1.13 mm. A high voltage ac generator with a ﬁxed
frequency of 50 Hz was used to create the electric ﬁeld perpendicular to the ﬂow direction. The ﬁelds used were 100, 200 and
300 V/mm. The voltage was controlled manually, which introduces
an uncertainty of approximately ±10 V/mm in the electric ﬁeld. Due
to friction from the electrodes on the rotating cylinder, all data were
corrected accordingly by subtracting the values recorded for the
empty cell.
All samples where dehydrated at 100 ◦ C for 20 h. Prior to each ER
measurements all samples where sonicated for 20 min. A pre-shear
experiment was carried out to measure the rheological properties
at zero ﬁeld. Then ac electric ﬁeld was applied for 3 min, to allow
structure buildup, before the next measurement. Flow curves were
obtained with the shear rate starting at 1 × 10−3 Hz and increasing in a ramp logarithmic manner to 1 × 103 Hz. As previous work
showed that chains formed by carbon cone particles do not dissolve after the electric ﬁeld is turned off [8], the samples were
sonicated between each measurement to assure similar conditions
for all measurements.

For magnetorheological measurements the same rheometer as
described in Section 2.3 was used with a MR cell using a parallel
plate geometry. This setup gives average higher radial shear than a
cone/plate geometry. The experiments were run at a constant temperature of 20 ◦ C and with 0.20 mm between the plates. The shear
rates used were between 20 and 1 × 103 Hz. The magnetic ﬁelds
varied between B = 0–1085 mT.
2.4. Conductivity measurements
To measure the dc electrical conductivity of the dry carbon cone
powder a two-electrode conﬁguration was used. The measurement
cell (shown in Fig. 2) consisted of a cylindrical tube placed on a
stainless steel support plate which served as one of the electrodes.
A stainless steel piston with diameter equal to the inner diameter
of the cylinder was used as the second electrode (A = 28.3 cm2 ).
Carbon cone powder was poured into the cylinder, the cylindrical
electrode was placed carefully on top and the height of the resulting powder column, typically ∼ 2 cm, was measured manually. This
was repeated for pressures varying from 0.87 to 9.98 kPa using additional weights. A dc voltage between 0.5 and 3.0 V was applied to the
circuit and the resulting current through the circuit was recorded
by a multimeter (HP 3478A) connected to a PC via a GPIB connection. For as-produced carbon cone particles the dc conductivity was
found to be amplitude dependent as seen in Fig. 3. This might be
due to a contact potential between the carbon particles. As expected

Fig. 3. DC conductivity of dry CC powder at various voltages as a function of packing
pressure. Amplitudes used were; 1 V (square) 2 V (star) and 3 V (triangle).
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Fig. 4. Impedance vs amplitude for a CC dispersion of 1.1 wt% in silicon oil measured
at 10 Hz. Hysteresis is observed resulting in lower impedance when returning from
high to low amplitudes. The distance between the electrodes was 4 mm.

Fig. 5. Shear stress vs shear rate at various electric ﬁeld strengths for a dispersion
with 1.1 wt% CC (ﬁlled square 0 V/mm, triangle 100 V/mm, star 200 V/mm and open
square 300 V/mm).

the conductivity depends strongly on the packing (pressure) of the
powder.
The conductivity of the carbon cone powder was taken to be
p = 0.2 S/m (measured at 1 V rms and at a pressure of 0.87 kPa)
using the relation p = h/RA, where h is the distance between the
electrodes, A is the area of the electrode and R is the measured
resistance of the material.

observed electric break down of the system at this ﬁeld strength.
This was seen as a rapid decrease in voltage output after about 1 min
at an applied ﬁeld of 300 V/mm. This was attributed to the formation of a conductive path through the host liquid. The break down
lead to unstable electric ﬁelds at low shear rates. At higher shear
rates, the chain structures broke and the conduction was reduced,
thus restoring the electric ﬁeld. Concerning low electric ﬁelds, previous experiments investigating the structure formation of carbon
cone particles in ac electric ﬁelds [8], showed that the carbon particle dispersions form chains at electric ﬁelds as low as 50 V/mm. The
response time at such a ﬁeld strength is slow, on the scale of tens of
minutes but decreases rapidly to seconds as the ﬁeld is increased
and with increasing volume fraction. Hence the chosen range of
electric ﬁeld strengths.
Fig. 6 shows the ﬂow curves for samples of various volume fractions at an ac electric ﬁeld of 100 V/mm. The ﬂow curves may be
fairly well described by the Bingham model given by

2.5. Impedance measurements
Impedance spectroscopy was carried out for a CC silicon oil
dispersion with 1.1 wt% using an Solartron 1260 + 1294 impedance
analyzer and the same cell conﬁguration which was used for conductivity measurements of dry CC particles. The current injecting
and potential pick-up terminal leads were connected together at the
electrodes, hence enabling two-electrode measurements. The analysis was carried out using frequency sweep from 0.1 Hz to 1 MHz,
with an applied voltage in the range 50–3000 mV rms. The distance
between the electrodes was 4 mm giving an ac electric ﬁeld varying between 12.5 and 750 V/mm. The measurements showed that
the impedance of the CC dispersion was strongly amplitude depen
dent (Fig. 4). The dielectric constant ε for the dispersion was found
5
to be ∼3.8 at 1 × 10 Hz, calculated from the relation C = εA/ε0 h,
with C = b/ω where b is the susceptance and ε0 is the permittivity
of vacuum. The dielectric loss ε was calculated from the conductance Y  by subtracting the DC conductance from values measured
at 1 V rms.

 = y + pl ,
˙

(1)

where  is the shear stress, ˙ the shear rate and pl the plastic viscosity. The yield stress y was here taken to be the dynamic yield stress
at ˙ = 1 Hz. It should be noted that the dynamic yield stress is in

3. Results and discussion
3.1. Electrorheological measurements
The zero ﬁeld ﬂow curves (not shown) showed that the samples
with concentration 0.2 and 0.5 wt% were approximately Newtonian while the samples with 1.1 and 2.5 wt% showed shear thinning
behavior. In Fig. 5 the stress vs shear rate at an electric ﬁeld of 100,
200 or 300 V/mm is shown for a sample of 1.1 wt%. As expected the
shear stress increases with increasing ﬁeld strength. A maximum
increase in the yield stress of a factor 10 is observed for this sample.
This relatively weak increase in yield stress reﬂects the low particle concentration. This also caused a response time of the order of
minutes. Such a long response time was also reported for a ER ﬂuid
composed of SWNT at low concentration [15]. The reason the electric ﬁeld did not exceed 300 V/mm in the experiment was due to

Fig. 6. Shear stress vs shear rate for dispersions with concentrations 0.2 wt% (ﬁlled
square), 0.5 wt% (triangle), 1.1 wt% (star) and 2.5 wt% (open square). The solid line is
the ﬁtted Bingham model. The electric ﬁeld used was 100 V/mm.

214

E. Svåsand et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 339 (2009) 211–216

Fig. 7. The effective viscosity (E − 0 )/0 vs electric ﬁeld for CC dispersions with
concentrations 0.2 wt% (ﬁlled square), 0.5 wt% (triangle), 1.1 wt% (star) and 2.5 wt%
(empty square). The solid lines represent linear ﬁts with the slope of the line equal
to ˛.

general not equal to the static yield stress [14]. As expected the yield
stress y increases with increasing volume fraction of particles.
The ER efﬁciency may be expressed by the effective viscosity
given by
Eeff =

E − 0
,
0

(2)

where Eeff is the viscosity measured at an electric ﬁeld E and 0

is the zero ﬁeld viscosity. The effective viscosity scales as Eeff ∼ E ˛
where the exponent ˛ depends on the response of particle organization. It may be seen from Fig. 7 that the effective viscosity is
inversely proportional to the volume fraction of the suspensions,
decreasing as the volume fraction increases.
The ﬁtted values of ˛ are in the range of 1.15–1.56 for all of the
suspensions. The highest ˛ value 1.56 correspond to the lowest CC
concentration. According to polarization theory ˛ = 2 when a pure
dipole interaction is considered. However, the conduction model is
appropriate for our system due to the low frequency ﬁelds used.
Particle polarization and particle interactions are controlled by the
particle and ﬂuid conductivities [16]. In the conduction theory ˛
is expected to be 1 < ˛ < 2 which is in good agreement with the
results.
According to Lan et al. [17] there exist a critical conductivity ratio
= p /s , which gives the maximum shear stress. Here
c where
p and s are the conductivities of the particles and dispersant
respectively. For > c the ER effect decreases again. According
to Lan the ER effect occurs when varies in the 1 × 103 − 4 × 105
range. Block et al. [18] also reported a maximum ER effect at a particle conductivity of around 10−7 S/m, the reason being the strength
of the interfacial polarization reaching a maximum at this value.
In our system p = 0.2 S/m and s ∼ 10−12 giving ∼ 1011 , and
despite this high value we still observed the ER effect, in contradiction to Lan’s conclusion.
3.2. ER and relaxation frequency
Another important factor which inﬂuences the ER effect is the
relaxation frequency. Ikazaki et al. [20] found that ER ﬂuids with
relaxation frequencies between 1 × 102 and 1 × 105 Hz showed
a strong ER effect. They also showed that the ER effect increased
with increasing current densities up to a certain level. A high current density giving a relaxation frequency above 105 Hz, resulted in
a decrease in the ER effect. The same result was reported by Hao et

Fig. 8. The relative dielectric loss for a dispersion of 1.1 wt% CC in silicon oil. The
main relaxation peak is seen at around 30 Hz. A small peak may be observed at 1 Hz
and may be due to electrode polarization.

al. [21]. As seen from the dielectric loss factor shown in Fig. 8, the
relaxation frequency is around 30 Hz, well below the lower limit
of 100 Hz given for a good ER ﬂuid. The low relaxation value may
indicate that orientation polarization plays and important role in
our system. In agreement with the ﬁndings of Block et al. [18] one
would expect our system with high particle conductivity to result
in a weak interfacial polarization. Hence the shape and size of the
particles makes orientation polarization dominate. In Fig. 8 a small
peak may be observed at around 1 Hz and this may be due to electrode polarization due to minute amounts of water in the system
[22]. The increase seen at the lowest frequency is a result of the
uncertainty in the DC conductance and should be disregarded.
Regarding the inﬂuence of the particle shape on the ER effect
there are various studies in the literature. Lengalova et al. [23] studied the ER effect of various dispersions with solid phase of the
different particle sizes and shapes. They found that the ER effect
clearly depended on the particle size, shape and on the aggregation
abilities of the particles. They noted that at low shear velocities
the apparent viscosity did not correlate well with the measured
dielectric loss, which was attributed to ﬂaky, asymmetric particles
giving rise to increased hydrodynamic interactions at low shear
rates. In the present work we would expect a similar behavior due
to the abundance of disk shaped particles. In a study by Qi and
Wen [24] it was concluded that the ER effect decreases when the
aspect ratio of the particles increases. However, Lin and Shan [15]
reported a large ER response in a system with SWNT at low concentrations. They suggested that the high aspect ratio of the particles
lead to a large viscous force, leading to a greater energy dissipation which resulted in a higher apperant viscosity than compared
to low-aspect ratio particles at the same concentration. In this work
the majority of the particle have a large aspect ratio, but the area
of the particles is large, something which could make the turning of the particles slow due to large viscous forces. This may give
rise to the low relaxation frequency found. In the end it is difﬁcult to conclude anything with respect to which of the parameters
including, size, shape, particle concentration, dielectric constant
or conductivity that inﬂuence the ER effect the most in our system.

3.3. Magnetorheological measurements
Fig. 9 shows the relative viscosity M
for 1.5 wt% CC in ferrel
roﬂuid EMG 901, as a function of shear rate at various magnetic
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Fig. 9. The relative viscosity M
vs shear rate for magnetic ﬁelds B = 0 mT (square),
rel
98 mT (star) and 844 mT (triangle) for 1.5 wt% CC in ferroﬂuid.

CC
,
FF

(3)

where CC and FF is the viscosity of the ferroﬂuid containing carbon cone particles and the pure ferroﬂuid, respectively. As expected
shear thinning is observed at high shear rates in the whole magnetic ﬁeld range. This is due to hydrodynamic forces which break up
any chains or clusters formed by the magnetic ﬁeld. The viscosities
are also monotonically increasing as function of the magnetic ﬁeld,
however not linear above 100 mT, just above the FF saturation magnetization of 60 mT [13]. At low shear rates and low ﬁelds, M
>1
rel
indicating that the carbon cone particles increase the viscosity due
to their particle–particle interactions and due to the bounded layer
of liquid and magnetic particles around each particles giving rise to
a larger effective volume. For low shear values and an applied ﬁeld
B > 200 mT, M
is 1, indicating that magnetic forces in the ferroﬂuid
rel
dominates over CC particle–particle interactions.
As for ER ﬂuids, an effective viscosity may be deﬁned for MR
ﬂuids;
M
=
eff

M − 0
,
0

Fig. 10. The effective viscosity for 1.5 wt% CC calculated for various frequencies and
magnetic ﬁelds B between 0 and 100 mT. Square is for 50 Hz, circle 204 Hz, triangle
451 Hz and star 1000 Hz. The linear ﬁt line has a slope equal to 1.2.

4. Conclusion

ﬁeld strengths. M
is given as
rel
M
=
rel
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(4)

where M is the viscosity at an applied magnetic ﬁeld, and 0 is
the viscosity at zero ﬁeld. The effective viscosity M
is shown in
eff
Fig. 10 for magnetic ﬁelds B < 100 mT where the system showed a
was found to scale as M
∼ Bˇ
linear behavior. In this region M
eff
eff

with ˇ=1.2. For pure FF (not shown) ˇ=1.5 which means that the
response due to a change in magnetic ﬁeld is stronger for pure FF
compared to the CC dispersion. The reason for this, as for the M
,
rel
is that the CC particle–particle interaction reduces the solutions
response to the magnetic ﬁeld. The inﬂuence of the frequency on
the viscosity is small, as seen in Fig. 10.
As reported by Samouhos and McKinley [25] an MR ﬂuid consisting of carbon nanotubes (CNT) and magnetite particles in an organic
ferroﬂuid has successfully been made. Other CNT–magnetite composites have also been reported [26,27]. Samouhos and McKinley
describe a non-covalent surface coating of CNTs with magnetite
nanoparticles. It could be possible to adapt this method for the carbon cone particles in order to produce a better magnetorheological
ﬂuid.

Carbon cone particles in dispersions have been subjected to electric and magnetic ﬁelds. In electric ﬁelds the dispersions of CC in
silicon oil show a typical Bingham ﬂuid behavior with a maximum
increase in yield stress of a factor 10. The relatively low ER effect
as compared to commercial ER ﬂuids is attributed to the high particle conductivity and the low relaxation frequency as determined
by impedance spectroscopy.
In a magnetic ﬁeld the addition of carbon cone particles to an
organic based ferroﬂuid gave a small increase in the viscosity at low
shear rates and low ﬁelds. This is attributed to purely hydrodynamic
effect of increased binding of the ﬂuid by the particles. At higher
ﬁelds the dispersion show shear thinning behavior.
The study shows that the carbon cone material is not adapt for
use as solid phase in ER/MR ﬂuids. However, the possibility of easy
alignment of carbon cones particles using AC electric ﬁeld with low
voltages motivates the use of this material in composites to create
anisotropic conductive paths. This is currently under investigation.
Acknowledgements
The authors want to thank J.O. Fossum for the use of instruments, K. Washburn for help on carrying out magnetorheological
measurements and B. Wang and O.T. Buset for technical assistance
during electrorheological measurements. E.S thanks the Nanomat
program of the Research Council of Norway for funding.
References
[1] T. Hao, Electrorheological ﬂuids, Adv. Mater. 13 (24) (2001) 1847–1857.
[2] D.J. Klingenberg, Magnetorheology: applications and challenges, AIChE J. 47
(February 2) (2001) 246–249.
[3] T. Takahashi, T. Murayama, A. Higuchi, H. Awano, K. Yonetake, Aligning vaporgrown carbon ﬁbers in polydimethylsiloxane using dc electric or magnetic ﬁeld,
Carbon 44 (2006) 1180–1188.
[4] A. Bezryadin, R.M. Westervelt, M. Tinkham, Self-assembled chains of graphitized carbon nanoparticles, Appl. Phys. Lett. 74 (18) (1999) 2699–2701.
[5] N.A. D’Souza, Z. Yang, Magnetorheology of multiwalled nanotube dispersion in
mineral oil, J. Nano Res. 1 (2008) 40–49.
[6] W.H. Li, C. Lynam, J. Chen, B. Liu, X.Z. Zhang, G.G. Wallace, Magnetorheology of
single-walled nanotube dispersions, Mater. Lett. 61 (2007) 3116–3118.
[7] M.K. Schwarz, W. Bauhofer, K. Schulte, Alternating electric ﬁeld induced
agglomeration of carbon black ﬁlled resins, Polymer 43 (2002) 3079–3082.
[8] E. Svasand, G. Helgesen, A. Skjeltorp, Chain formation in a complex ﬂuid containing carbon cones and disks in silicon oil, Colloids Surf. A 308 (2007) 67–70.
[9] A.S.A. Kvaerner, For production of micro domain particles by use of a plasma
process, patent no. PCT/NO98/0009.

216

E. Svåsand et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 339 (2009) 211–216

[10] H. Heiberg-Andersen, A. Skjeltorp, Stability of Conjugated Carbon Nanocones,
J. Math. Chem. 38 (4) (2005) 589–604.
[11] n-Tech AS, http://www.n-tec.no.
[12] X. Tang, C.W. Wu, H. Conrad, On the conductivity model for the electrorheological effect, J. Rheol. 39 (5) (1995) 1059.
[13] Ferrotec Corporation, 33 Constitution Drive, Bedford, NH 03110, USA,
http://www.ferrotec.com.
[14] H.J. Choi, Cho, M.S., Synthesis and electrorheology of mesoporous particle suspensions, Int. J. Mod. Phys. B 16 (17/18) (2002) 2514–2520.
[15] C. Lin, J.W. Shan, Electrically tunable viscosity of dilute suspensions of carbon
nanotubes, Phys. Fluids 19 (2007) 121702.
[16] L.C. Davis, Polarization forces and conductivity effects in electrorheological
ﬂuids, J. Appl. Phys. 72 (4) (1992) 1334–1340.
[17] Y. Lan, X. Xu, S. Men, K. Lu, The conductivity dependence of the shear stress in
electrorheological ﬂuids, Appl. Phys. Lett. 73 (20) (1998) 2908–2910.
[18] H. Block, J.P. Kelly, A. Qin, T. Watson, Materials and mechanisms in electrorheology, Langmuir 6 (1) (1990) 6–14.
[20] F. Ikazaki, A. Kawai, K. Uchida, T. Kawakami, K. Edamura, Mechanisms of electrorheology: the effect of the dielectric property, J. Phys. D: Appl. Phys. 31 (1998)
336–347.

[21] T. Hao, Z. Xu, Y. Xu, Correlation of the dielectric properties of dispersed
particles with the electrorheological effect, J. Coll. Int. Sci. 190 (1997) 334–
340.
[22] P. Mirtaheri, S. Grimnes, Ø.G. Martinsen, Electrode polarization impedance
in weak NaCl aqueous solutions, IEEE Trans. Biomed. Eng. 52 (12) (2005)
2093–2099.
[23] A. Lengalova, V. Pavlinek, P. Saha, O. Quadrat, J. Stejskal, The effect of dispersed
particle size and shape on the electrorheological behaviour of suspensions,
Colloid Surf. A 227 (2003) 1–8.
[24] Y. Qi, W. Wen, Inﬂuences of geometry of particles on electrorheological ﬂuids,
J. Phys. D 35 (2002) 2231–2235.
[25] S. Samouhos, G. McKinley, Carbon nanotube-magnetite composites, with applications to developing unique magnetorheological ﬂuids, J. Fluids Eng. 129
(2007) 429–437.
[26] H. Pu, F. Jiang, Towards high sedimentation stability: magnetorheological
ﬂuids based on CNT/Fe 3O 4 nanocomposites, Nanotechnology 16 (2005)
1486.
[27] F.D. Goncalves, J. Koo, M. Ahmadian, A review of the state of the art in magnetorheological ﬂuid technologies. Part I: MR ﬂuid and MR ﬂuid models, Shock
Vibrat. Dig. 38 (2006) 203–219.

