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Two different shapes of spherical- and flake-like soft-magnetic carbonyl iron (CI) microparticles were dis-
persed in silicone oil to prepare magnetorheological (MR) fluids. The magnetic-field dependent rheological
behaviors of the MR fluids were scrutinized focusing on their shape effect. Saturation magnetization of the
flake-shaped CI was obtained to be slightly lower than that of spherical-shaped CI. However, rheological
properties of shear stress, shear viscosity, and storage modulus of the flake-shaped CI MR fluid surpassed
those of the spherical-shaped CI MR suspension under applied magnetic field strengths. The flake-shaped
CI based MR fluid also demonstrated superior sedimentation stability compared with the spherical-shaped
CI. This was due to large surface area, suggesting that the anisotropy of CI particles plays an important role
in their MR performance.
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1. Introduction

Magnetorheological (MR) materials have drawn signif-

icant attention recently because of their status as one of

the most attractive actively tunable materials. MR fluids

consist of suspensions in which soft-magnetic particles are

suspended in non-magnetic mediums such as silicone oil,

mineral oil, or aqueous carrier liquid. Depending on the

type of suspending media, MR fluids exhibit interesting

rheological behaviors with tunable and reversible control-

lability with a very short response time (within millisec-

onds) to an applied magnetic field (Ashtiani et al., 2015;

de Vicente et al., 2011; Genc and Phulé, 2002). Once the

magnetic field is activated to the MR fluids, the initially

randomly suspended magnetic particles align quickly with

the magnetic field. Hence, a chain-like formation is devel-

oped due to interparticle interaction via the magnetic

dipole force. In this manner, the magnetic field transforms

the MR fluid from a liquid phase to a solid phase. Based

on these distinctive characteristics, MR fluids have been

applied in a wide range of industrial devices such as MR

polishers, dampers, and brakes (Lee et al., 2015; Li et al.,

2014; Wang and Liao, 2011; Wang et al., 2013).

Various soft magnetic and ferro-magnetic particles with

low magnetic hysteresis (such as magnetite, maghemite,

carbonyl iron (CI), etc.) have been employed as suspend-

ing particles for MR fluids (Ahn et al., 2015; Bica and

Anitas, 2018; Gao et al., 2017; Min et al., 2017; Pei et al.,

2017; Seo et al., 2016; Tong et al., 2017; Xia et al., 2017;

Yang et al., 2017). Among these, CI particles have attracted

significant attention because of their low cost, superior

magnetism with high saturation magnetization (and no

hysteresis), and appropriate size (in the micron order)

needed for good MR properties (Genc and Phulé, 2002;

Seo et al., 2018). However, severe problems emerge when

the CI particles are directly applied in MR fluids. Com-

pared to carrier media, CI particles are heavy. Conse-

quently, they are subjected to rapid sedimentation which

causes deteriorated performance of the MR fluids (Ash-

tiani et al., 2015 ). To address these issues, several meth-

ods have been attempted in the case of spherical-shaped

CI particles. For example, surface coating of CI particles

and incorporation of additives for better dispersion and

improved magnetic property (Kim et al., 2017; Min et al.,

2017).

Additionally, the shape of magnetic particle used is

known to play an important role with respect to MR prop-

erties and dispersion stability. Studies have been carried

out investigating the effect of particle shape on MR per-

formance and sedimentation of CI-based MR fluid. Upa-

dhyay et al. (2014) investigated sedimentation stability

and MR properties in a dynamic mode for spherical- and

flake-shaped CI/paraffin liquid based MR fluid. Their

study showed that the sedimentation stability of the flake-

shaped CI MR fluid was better than that of the spherical-

shaped CI MR fluid and the flake-shaped CI MR fluid had

higher storage modulus compared with the spherical-

shaped CI MR fluid. This was because of the solid friction

between the flake-shaped particles depending on the

applied magnetic field. However, their report did not

address various rheological values such as steady shear

stress and shear viscosity for the same grade of CI parti-

cles. Recently, Shilan et al. (2016) prepared flake-like CI

particles from spherical-like CI microspheres through a

ball-milling technique. They then compared sedimentation*Corresponding author; E-mail: hjchoi@inha.ac.kr
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stability and rheological behaviors of MR fluid composed

of the plate-like CI/polyalphaolefin oil with the spherical-

like CI MR fluid. They found the sedimentation stability

of the plate-like CI was increased due to increases in fric-

tional forces induced by its large surface area. Also, they

determined that yield shear stress of the flake-like CI MR

fluid increased up to 270% compared with the spherical-

like CI MR fluid (mainly from a steady shear test).

This study aims to compare magnetic properties and

sedimentation stabilities of commercial spherical- and

flake-like CI particles. Also, magnetic field-dependent vis-

coelastic behaviors are investigated with respect to parti-

cle shape in CI/silicone oil-based MR fluid via steady and

dynamic oscillatory tests. Saturation magnetization and

sedimentation for the spherical- and flake-shaped CI were

measured using a vibrating sample magnetization (VSM)

and a Turbiscan, respectively. Steady shear stress and

shear viscosity for the MR suspensions (based on the

spherical- and flake-shaped CI) were examined via a

steady shear test at room temperature with 0-343 kA/m of

magnetic field strength. Similarly, a dynamic oscillatory

shear test was carried out under the same conditions as the

steady shear test to investigate viscoelasticity for the MR

fluids. In addition, dynamic yield stress and elastic yield

stress were determined from results of the steady and

dynamic shear tests. The correlation between yield stresses

and saturation magnetization was then considered.

2. Experimental

2.1. Materials and preparation of MR fluids
Both the spherical- and flake-shaped CI particles were

purchased from BASF with SQ grade. Their densities

were 8.21 and 8.43 g/cm3, respectively (measured using a

pycnometer). The size distribution range of the spherical-

shaped CI was about 1-5 µm and that of flake-shaped CI

was about 5-50 µm (observed using a microscope). Sili-

cone oil obtained from Shinetsu (Japan) (Kf-96, 100 cS of

kinematic viscosity) was used as a medium oil. MR fluids

were prepared by suspending the CI particles in the sili-

cone oil with a particle concentration of 50 wt.% (about

10 vol.%) using a vortex mixer (Vortex3, Ika, Germany)

and an ultra-sonication bath (Powersonic 401, Hwashin

Instrument, Korea). The mixing and sonication times were

both 1 h.

2.2. Characterization
A high-resolution scanning electron microscope (HR-

SEM) (SU8010, Hitachi, Japan) was used to observe the

morphological image of two kinds of CI particles (oper-

ated at 15 kV of accelerating voltage). Magnetic charac-

teristics of two types of CI particles were tested using a

VSM from −1000 to 1000 kA/m of an applied magnetic

field strength at room temperature. In addition, a Turbis-

can classic (MA2000, Formulaction Inc., France) was

used to compare sedimentation ratios for both types of CI

in silicon oil. Characteristics of MR fluids based on spher-

ical- and flake-shaped CI were tested by a torsional rhe-

ometer (MCR 300, Anton-Paar, Austria) using a parallel-

plate geometry (PP20, 20 mm of diameter) and a magnetic

field generator (MRD 180, Anton-Paar, Austria). Under

magnetic fields, flow behaviors and viscoelastic properties

were determined by steady and dynamic oscillatory shear

tests, respectively.

3. Results and Discussion

Figure 1 represents morphological images of the surface

of spherical- and flake-shaped CI particles, respectively

(observed by SEM). The spherical-shaped CI particles dis-

played sphere-like morphology having different sizes

from approximately 1 to 5 µm. The flake-shaped CI par-

ticles showed plate-like morphology with a larger size

than that of spherical-shaped CI microspheres. In general,

flake-shaped CI particles are produced from spherical-

shaped CI microspheres through a ball-milling technique.

During the ball-milling process, the CI particles were sub-

jected to welding, fracturing, and re-welding. This resulted

in a change of CI particle size (Shilan et al., 2016).

Figure 2 depicts the magnetization-magnetic field strength

curve obtained by a VSM. It shows that the saturation

magnetization (Ms) values of both spherical- and flake-

Fig. 1. SEM images for (a) spherical- and (b) flake-shaped CI.
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shaped CI identified from this curve were approximately

180 and 173 emu/g, respectively. Mass magnetic suscep-

tibilities (obtained from an initial slope of the magnetiza-

tion-magnetic field strength curve (Cao et al., 2014)) were

0.4 × 10−3 and 1.5 × 10−3 m3/kg, respectively. Furthermore,

the volume magnetic susceptibilities were 3.28 and 12.65

(converted using the density of CI particles). The flake-

shaped CI exhibited slightly lower Ms and reached the Ms

at a lower magnetic field strength than the spherical-

shaped CI. The saturation magnetization of the same mag-

netic materials could be different depending on size,

shape, and oxidation degree of particle (Bell et al., 2007;

de Vicente et al., 2010). The flake-shaped CI particles are

subjected to an increase of oxidation inside the particles

during the ball milling process. Hence, their saturation

magnetization might be decreased (Mohamad et al., 2018).

Furthermore, the flake-shaped CI represented higher coer-

cive force and residual magnetism than the spherical-

shaped CI (as shown in the inset of Fig. 2). The coercive

force is affected by shape anisotropy of magnetic parti-

cles. Particles with small demagnetization factor should

present large coercive force based on the assumption that

shape anisotropy is the main mechanism for coercive

force (de Vicente et al., 2010). Consequently, it was con-

sidered that higher coercive force and residual magnetism

could be attributed to achievement of saturation magneti-

zation of the flake-shaped CI at low magnetic field

strength.

Figure 3 displays the time-dependent sedimentation sta-

bility for spherical- and flake-shaped CI measured using a

Turbiscan. The suspension based on the CI particles was

prepared by dispersing each of the CI particles in silicone

oil with 30 wt.% particle concentration. The sedimentation

stability which is directly related to the light transmission

from the Turbiscan test was investigated by a following

equation:

Transmission (%) =

 × 100. (1)

The height of light transmitted though the suspension was

calculated from the intensity of transmittance light during

a sedimentation process of the CI particles. As shown in

Fig. 3, it was clearly observed that the flake-shaped CI set-

tled down more slowly in an oil medium than the spher-

ical-shaped CI. This was caused by the high friction force

resulting from the large surface area of the flake-shaped

CI particles which interfere with sedimentation (Mohamad

et al., 2018). On the other hand, it can be also noted that

a shape correction factor has been recently implied for its

effect on sedimentation (Son, 2018).

Figure 4 represents shear rate dependent both (a) shear

stress and (b) shear viscosity on a log-log scale for MR

fluids based on both spherical- and flake-shaped CI under

external magnetic fields. Without the applied magnetic

field, both MR fluids indicated that shear stress at a low

shear rate was close to zero but gradually increased with

an increased shear rate (demonstrating a fluid-like prop-

erty). In the absence of the magnetic field, shear viscosity

of various typical magnetic suspensions has drawn huge

attention regarding various experimental conditions (Jeon

and Koo, 2012). With applied magnetic fields, shear stress

of both MR suspensions was increased significantly in a

low shear rate region and became stable over the whole

shear rate. This indicates that the shear stress behavior of

both MR fluids is solid-like. This tendency resulted from

the chain-like organization induced by magnetic dipole

interactive force between adjacent particles in the pres-

ence of magnetic fields (Zhang and Widom, 1995). Addi-

tionally, the shear stress grew with an applied magnetic

field intensity. The shear stress of the flake-shaped CI MR

fluid became larger than that of the spherical-shaped CI

Height of light tansmitted through suspension
Height of total suspension

-------------------------------------------------------------------------------------------------------------

Fig. 2. (Color online) Magnetization-magnetic field strength
curve for spherical- (CI-S) and flake-shaped CI (CI-F).

Fig. 3. (Color online) Time-dependent sedimentation ratio for
spherical- (CI-S) and flake-shaped CI (CI-F).
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MR suspension. This is considered to be due to the large

contact surface of the flake-shaped CI particles allowing

the formation of sturdy clusters under the applied mag-

netic field and because the solid friction among them was

increased (Shilan et al., 2016).

The Bingham fluid model is suitable for fitting flow

curves for typical MR fluids possessing yield stress result-

ing from chain-like formation of magnetic particles. It was

used here to fit the flow curve of the MR fluids as follows

(Park et al., 2011):

,

(2)

where τ0, η0, and  are defined as yield stress, shear vis-

cosity, and shear rate, respectively. As presented in Fig.

4a, both solid-line and dashed line indicate the stress curve

of spherical- and flake-shaped CI based MR fluids, respec-

tively. These were obtained using a Bingham model,

which agreed well with the experimental data of both MR

fluids.

The shear viscosity of both MR suspensions was very

low (~10-102 Pa·s) at the low shear rate regime without an

applied magnetic field, but it increased gradually with

increased magnetic field strength (as shown in Fig. 4b).

Both MR fluids also presented shear-thinning property

and decrease of shear viscosity with a shear rate over the

whole shear rate. The shear viscosity of the flake-shaped

CI MR suspension surpassed that of the spherical-shaped

CI MR suspension (similar to the shear stress behaviors).

To further investigate the viscoelasticity of both MR flu-

ids under applied magnetic fields, dynamic oscillatory

shear tests were carried out over a range of magnetic field

τ = τ0 + η0γ
·,   τ τ0≥

γ· = 0,  τ τ0<

γ·

Fig. 4. (Color online) Magnetic field-dependent flow curve for
spherical- (CI-S, closed symbol) and flake-shaped CI MR fluids
(CI-F, open symbol): (a) Shear stress and (b) viscosity.

Fig. 5. (Color online) The results of amplitude sweep test
depending on magnetic field for spherical- (CI-S, closed sym-
bol) and flake-shaped CI MR fluids (CI-F, open symbol): (a)
Storage modulus, (b) loss modulus, and (c) elastic yield stress.
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strengths (0-343 kA/m). Figure 5 depicts both (a) storage

and (b) loss moduli for both MR fluids as a function of

strain. The strain is measured via an amplitude sweep test

performed at a constant frequency (6.28 rad/s) over a strain

range of 1×10−3 to 7×10%. Both MR fluids showed a low

storage modulus in low strain regions without the applied

magnetic field. With a magnetic field applied to both MR

fluids, their storage moduli steadily increased with

increased magnetic field strength. A plateau region then

followed, a so-called linear viscoelastic (LVE) region. The

storage moduli decreased gradually as it passed a critical

strain due to a deformed state change from a solid-like to

a liquid-like phase (Claracq et al., 2004; Fang et al., 2008;

Peng et al., 2014). Consequently, the constant strain for a

further frequency sweep test was selected to be 0.005%

via the amplitude sweep test. To study the yielding behav-

ior from the dynamic oscillatory shear experiment, the in-

phase stress value (so called elastic stress) was plotted

using the storage moduli, as given in Fig. 5c. The elastic

stress in the LVE region was found to increase linearly

with increasing strain.

Figure 6 shows (a) storage and (b) loss moduli for both

MR fluids as function of angular frequency obtained through

an angular frequency sweep test performed with 0.005%

of strain over a frequency range of 2-200 rad/s. As shown

in Fig. 6a, both MR fluids (without the applied magnetic

field) revealed a liquid-like behavior with continuously

increasing storage modulus from a low to a high angular

frequency area. However, on applying the magnetic field

both MR suspensions exhibited a solid-like behavior with

dramatically increased storage modulus at a low angular

frequency regime. This was followed by a plateau region

over the whole angular frequency range. As mentioned

above, the magnetic particles aligned with a chain-like

form with external magnetic fields. This resulted in the

increased storage moduli. Furthermore, the storage moduli

were increased further and further with increased mag-

netic field intensity. The storage moduli of the flake-

shaped CI MR fluid were superior to those of spherical-

shaped CI MR fluid.

On the other hand, Schwarzl equation calculates stress

relaxation modulus from storage and loss modulus in the

frequency sweep test. It can be used in the identification

of solid-like behavior as follows (Emri et al., 2005):

. (3)

Figure 7 depicts the variation of time-dependent shear

relaxation moduli of both MR suspensions with or without

the magnetic field according to Eq. (3). Without the mag-

netic field, the relaxation moduli of both MR suspensions

decreased with time. Under applied magnetic fields, the

relaxation moduli became almost constant regardless of

the time because of strong interaction between adjacent

particles. This clearly indicated a solid-like behavior.

Furthermore, the dynamic (τy) and elastic (G'γ) yield

stresses for both MR fluids were plotted as a function of

magnetical field strength as shown in Fig. 8. Both τy and

G'γ were determined by the shear stress at zero shear rate

limit on the flow curve and yield point on elastic stress-

strain curve, respectively. Generally, the τy in the MR fluid

is increased with increasing magnetic field intensity. The

G t( ) G′ ω( )≈ 0.566G″ ω/2( )– 0.203G″ ω( )+

Fig. 6. (Color online) The results of angular frequency sweep test
depending on magnetic field for spherical- (CI-S, closed symbol)
and flake-shaped CI MR fluids (CI-F, open symbol): (a) Storage
modulus and (b) loss modulus.

Fig. 7. (Color online) Time-dependent relaxation modulus for
spherical- (CI-S, closed symbol) and flake-shaped CI MR fluids
(CI-F, open symbol).
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correlation between τy and magnetic field strength is as

follows (Genc and Phulé, 2002):

. (4)

In a low magnetic field region, α is commonly 2 accord-

ing to the polarization model relevant to the mutual attrac-

tion between magnetic particles due to polarization force

(Fang et al., 2011). However, since the localized satura-

tion magnetization is usually increased while the magne-

tization of MR fluid being fully the saturation with

increasing magnetic field strength, the magnetic polariza-

tion force between soft magnetic particles decreases in the

intermediate range of magnetic field strength and α

becomes smaller than 2. Therefore, the local saturation is

of considerable importance. τy is described as follows

(Ginder et al., 1996):

(5)

where φ, µ0, and Ms are defined as the particle volume

fraction in MR fluid, the permeability of free space, and

the maximum value at the MR fluid’s local saturation

magnetization. Provided that the magnetization of MR

fluid reaches full saturation at high magnetic field strength,

yield stress is hardly affected by the magnetic field. This

shows the independent relationship to be as follows (Ginder

et al., 1996):

. (6)

α could be changed by applying a critical magnetic field

strength (Hc), where it is 2 in the region below Hc but 1.5

in the region above Hc. As presented in Fig. 6, spherical-

shaped CI based MR suspension indicated that τy and G'γ

initially increased in proportion to H2 and then increased

in proportion to H1.5 when the magnetic field strength sur-

passed 171 kA/m. For the flake-shaped CI MR fluid, τy
and G'γ increased in proportion to H1.5 over the magnetical

field strength range of 43 to 171 kA/m and then increased

in proportion to H1 when the magnetical field strength

exceeded 171 kA/m. For the VSM result, it was assumed

that the magnetization of the flake-shaped CI based MR

fluid was already locally saturated at extremely low mag-

netic field strength and was fully saturated at 171 kA/m.

4. Conclusions

The morphology, saturation magnetization, and sedi-

mentation rate for two different shaped CI particles (spher-

ical- and flake-shape) of the same commercial-grade were

examined. The magnetic field-dependent rheological char-

acteristics for MR fluid based on both CIs were compared.

It was observed using SEM that the particle size of the

flake-shaped CI was larger than that of the spherical-

shaped CI. This size difference was due to the production

process of the flake-shaped CI which included welding,

fracturing, and re-welding. In the magnetization-magnetic

field strength curve, the saturation magnetization of flake-

shaped CI (~173 emu/g) was lower than spherical-shaped

CI (~180 emu/g) because of an increase of oxidation

inside the particles. However, the sedimentation stability

of the flake-shaped CI was superior to that of the spher-

ical-shaped CI due to high friction force.

Two types of MR fluid were prepared by dispersing

each of the different shaped CIs in silicone oil at 50 wt.%.

Magnetic-field dependent rheological characteristics were

measured using steady and dynamic shear tests. Under the

applied magnetic field, shear stress and storage modulus

measurements of the flake-shaped CI MR fluid surpassed

those of the spherical-shaped CI MR fluid. This was con-

sidered to be due to a construction of sturdy clusters and

an increase of solid friction. In addition, dynamic and

elastic yield stress measurements were plotted to gain

insight into the saturation magnetization in terms of rhe-

ology. These plots indicated the local saturation magneti-

zation of the spherical-shaped CI MR fluid and the

complete saturation magnetization of the flake-shaped CI

MR fluid at 171 kA/m of magnetic field strength.
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