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Magnetorheological (MR) fluids are smart materials that undergo a reversible transition from a liquid state to a semisolid state when
exposed to an external magnetic field. This behavior arises from the alignment of soft magnetic particles, which form chain-like
microstructures depending on the direction of the applied magnetic field. The changes in the chain-like alignment of the microstructure
lead to variations in rheologically sensitive responses, such as yield stress, viscosity, and storage modulus. In this study,
magnetorheological fluids are fabricated using carbonyl iron particles (CIPs), a representative example of ferromagnetic particles, and
their properties were analyzed through a multi-modal approach. Compared to MR fluids made with a single-sized CIP powder, the
multi-modal approach-based MR fluid demonstrates superior characteristics, providing a rigid magnetic chain structure that resulted in
higher yield stress and viscosity. This study could provide important guidelines for the fabrication of high-performance MR fluids and
contribute to applications, particularly in vibration control components utilizing MR fluids.
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Fig. 1. (Color online) Behavior of MR fluids without and with external magnetic fields (H). Schematic illustrations of the MR fluid containing
dispersed (a) single and (b) bimodal particles (left) and ideal particles alignment under externally applied field (right).
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Fig. 2. (Color online) Soft magnetic particles used in the multimodal MR fluids. (a) SEM image of micro-sized CIP. (b) Size histogram of the CIP.
(c) Magnetic characterization of CIP. (d) SEM image and (e) size diagram of nano-sized Fe particles. (f) VSM data for the Fe nanoparticles.
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Fig. 3. (Color online) Rheological characteristics of the multi-bimodal MR fluids, showing changes in shear stress and viscosity as functions of
shear rate and magnetic flux density. The Fe nanoparticles are dispersed in multi-bimodal MR fluids at concentrations of (a) 0 wt%, (b) 2 wt%, (c)
4 wt%, (d) 6 wt%, () 8 wt%, and (f) 10 wt%. The close symbols represent the shear stress versus shear rate, and the open symbols stand for the
viscosity versus shear rate.
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Fig. 4. (Color online) Comparison of the rheological behavior of multi-bimodal MR fluids. Changes in yield stress under an externally applied
field ranging from (a) 0 to 1.0 T and (b) 0 to 4 mT.

T et Kay M 7HE W FE 38 FAE AT Fe Wie AAPL

HEA &2 2] 1 A0 FE-SEL 28 kPaolH, Lt

A7IA, = AT §8, e W FE 3E, Kee ZH= = QIRle] FHko] olAw FHEgE O Mz}l Zlsi) 3

g A%, y= AT &woluie)]. o] T 38 271 8 wt%2] Fe W= U&7} multi-bimodal A7) 4 A=
o3l fr=d AN Fe F=E

FA WA fAlg= o 2 B AZE Y 34 kPao] IFE-SHE HYLE o= & CIP
e od 7k VAAA, 7} 2k Fe e JAES 94 L= 13k el ajd
& 59 T57](Actuatorir] F23F L 31, o) 7] 7] Wil fA W A3 B A4S vrEojud, A%
AR A AE Al2Ho] &2 EAE AUE Yo 3 Aoz & FHo] FrHAh SAYE 10 wi%] Fe Uie
@S vt Fig. 4(a)= 001AFE 1.0 T 9% A7 1S JAF 23k A7) 4 fAY %—‘:‘,i»ailﬂ.% 31 kPa®2 7}

2 A P2 ) 38
A



i
tio

Multi-bimodal =

g A T2 YA RalaL, fAle] 724 st
a4 e geo] FaskAl Hrk. vAEReR, Fig. 4(b)y= 0
ol 4 mTe] vt o Z7PEE VS W, 0wt 3
8 wt%2] Fe W A7} ¥3Hd A7) 4498 fA19 = &
g 7% dolEeltt. viAl Wie Ix7E EIEA] 2 A7)
i fAE S o AN 5 89 Hst A
o AYSIA] ke whA, 8 wi%e] Fe U= A7t X
A7) fAle e A1 g E dgHeR
8 A 71k BT 1 olf= 004 4 mTe] B
< 9 Ao EE CIPY BEE H=d & A A
HOR 7 Fe W Ak A4 W) Ah0] 7Fsshr] of
wolu}. B o A Pgellxe] FE-58 AnE T8l multi-
bimodal A7] fi frAle] AR fasks 524 o] 7}
TS S

My

Iv. 2of A HE

£ dAqelMe 9 2719 2 gAE Alxd A7)
H o fAek vlwsled, CIPet Fe e YAS 283 multi-
bimodal AF7] FH FA7F AT g5 S€I) He 5 FHE
2 EA4o] o 78S A5tk TS CIP &9} mA
Fe W=9xke] & vl&-S &sly] 218k A& sk
on, Fe Y=giAle] 712 A 348 87 Hxrt S7}
gom, 53] 8 wi%S] Fe WAt ZgH AEZelA o
34 kPao] I S SAYTE T8, Al wE frAst
2 Wsks g Ax, v oR A Q7oA Hdk
8 WPt FueAA vERTE 9 3719 CIP A=
Az" A7) 9 A g 38 Hip) SR ke
HFA | Fe WWedA7F ¥3HE multi-bimodal &S wre 2}
718NNE AEAR0 35§ SV Bt olys A

1

£ multi-bimodal ¥Ho] A7) i FA19) A5 F7)Ho
2 e H 523 93-S dite AS AR &
3], A o2 A7) A}Ee] AFEo =N H He 3
Helel st Hx xHo| /b5 diRler, ol At
FAZE 87EE TRt 88 Fokoll A Ao
& AdT F IS oujsith. B Ave FF 2] 4
frAle] A5 B 2 3% A S S8k 71 dlo]

2L o

A8 A A4 71 A7) 8 A 5

4 -9 - 349

o
A

E}Z AF31, multi-bimodal ¥H-E A83 G4 Az 7|&
o] wjge] MU TFF AlzHl AN Fo3d 9Fgs T
AYS AR

HAlel =2

o] =2 20259% AHAEANS] APoE =il
B e AYe wol =3iE A7Y(IFHE RS-2025-
25462587).

References

[1] J. Choi, K. T. Nam, S. Kim, and Y. Seo, Nano Lett. 21, 4973
(2021).

[2] T. Plachy, M. Cvek, Z. Kozakova, M. Sedlacik, and R.
Moucka, Smart Mater. Struct. 26, 025026 (2017).

[3] Y. P. Seo, S. Han, J. Choi, A. Takahara, H. J. Choi, and Y. Seo,
Adv. Mater. 30, 1704769 (2018).

[4] S. E. A. Hosseini and S. Beskhyroun, Structures 68, 107090
(2024).

[5] J. de Vicente, D. J. Klingenberg, and R. Hidalgo-Alvarez, Soft
Matter 7, 3701 (2011).

[6] M. Ashtiani, S. H. Hashemabadi, and A. Ghaffari, J. Magn.
Magn. Mater. 374, 711 (2015).

[7] J. S. Kumar, P. S. Paul, G. Raghunathan, and D. G Alex, J.
Mech. Mater. Eng. 14, 13 (2019).

[8] D. H. Qin, L. Cao, Q. Y. Sun, Y. Huang, and H. L. Li, Chem.
Phys. Lett. 358, 484 (2002).

[9] S. Geng and P. P. Phulé, Smart Mater. Struct. 11, 140 (2002).

[10] J. Wu, L. Pei, S. Xuan, Q. Yan, and X. Gong, J. Magn. Magn.
Mater. 408, 18 (2016).

[11] L. Quan, L. Bing, P. Yucheng, Z. Yunpu, W. Kang, D. Huaxia,
and G. Xinglong, Smart Mater. & Dev. 1, 202405 (2025).

[12] S.S. Stalin, M. Uthayakumar, P. Balamurugan, M. Pethuraj, J.
A. Stadek, and M. Niemczewska-Wdjcik, Adv. Sci. Technol.
Res. J. 19, 375 (2025).

[13] J. Liu, G. A. Flores, and R. Sheng, J. Magn. Magn. Mater. 225,
209 (2001).

[14] D. Cruze, H. G S. V. S. Jebadurai, S. L, T. D, and S. S. J. E
Christy, Civ. Eng. J. 4, 3058 (2018).

[15] S. T. Shilan, S. A. Mazlan, Y. Ido, A. Hajalilou, B. Jeyadevan,
S. B. Choi, and N. A. A. Yunus, Smart Mater. Struct. 25,
095025 (2016).

[16] 1. A. Frigaard, K. G. Paso, and P. R. de Souza Mendes, Rheol.
Acta. 56, 259 (2017).



