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Abstract: Magnetically active particles of carbonyl iron/polypyrrole (CI/PPy) with core-shell microstructure 

were prepared in order to improve suspension stability of the magnetorheological (MR) suspensions which 

represents a significant obstacle for wider commercial applications of these smart systems. Morphology and 

magnetic properties were observed via scanning electron microscopy and vibrating sample magnetometry, 

respectively. The viscoelastic performance of the synthesized core-shell particles based MR suspensions was 

examined as a function of external magnetic field intensity and temperature in the small-strain oscillatory shear 

mode using a rotational rheometer. Furthermore, the PPy coating was found to play an important role in the 

dispersed particles-suspending medium interactions and, thus, enhanced suspension stability. 
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1 Introduction 
Magnetorheological (MR) suspensions, i.e. systems 

of magnetically soft micrometer-sized particles 

dispersed in non-magnetic suspending medium, 

evoke expressive research and applicative interest. 

Generally, MR suspensions rapidly and reversibly 

transform from a liquid to a solid-like state which is 

manifested by changes of rheological properties 

such as viscosity, yield stress or viscoelastic moduli 

in several orders of magnitude under application of 

magnetic field [1]. In principle, the imposed 

magnetic field induces magnetic dipoles in 

suspended particles and, consequently, the chain-

like internal structure from particles spanning the 

gap between field applicators is formed [2]. Then, 

the developed structure can transmit a shear force 

until its destruction by hydrodynamic forces. Such 

phase-controllable behavior can be hence used in 

systems in which variable control of the applied 

damping/force are adjustable [3]. 

 

 

2 Problem Formulation 
However, there are still some significant obstacles 

for their wider application including rust of iron by 

oxidation, abrasion of device surfaces and/or 

sedimentation of dispersed particles due to their at 

least five times higher density than that of the 

suspending medium. To overcome these limitations, 

the coating of magnetic particles by polymer to 

improve surface properties with chemical resistance 

and better dispersion stability seems to be a 

promising concept [4]. 

In this study, the core-shell structured composite 

particles with carbonyl iron (CI) as a core and 

polypyrrole (PPy) as a shell layer were synthesized.  
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Effects of PPy coating on MR performance as well 

as dispersion stability of such kind of MR fluid 

under an oscillatory shear flow were then 

investigated. 

 

 

2.1 Materials 
Spherical CI particles (HS grade, BASF, Germany, 

ρ = 7.86 g·cm
−3

) with the average size of about 

2 µm were used as a core material. Pyrrole 

monomer (Py, purity ≥ 98%, Sigma–Aldrich Inc., 

USA) was distilled twice under reduced pressure 

and stored below 4 °C. All other reagents, including 

ammonium persulfate (APS, purity = 98%, Sigma–

Aldrich Inc., USA) and cetyltrimethylammonium 

bromide (CTAB, purity = 98%, Lach–Ner Ltd., 

Czech Republic) were used without further 

purification. 

 

2.2 Synthesis of CI/PPy Particles 
Initially, the surface of CI particles (4 g) was 

modified in 100 ml of water with surfactant CTAB 

(3.69 g) using the sonicator for 30 minutes. Core-

shell CI/PPy magnetic particles were prepared via in 

situ polymerization of precooled Py (1 ml) in system 

containing precooled initiator APS (3.32 g) and 

suspension of previously modified CI particles. The 

polymerization was allowed to proceed under 

stirring for 9 h at 0 – 5 °C and other 12 h at room 

temperature. After being washed with water and 

ethanol, the product powder was dried at 60 °C for 

6 h and gently ground with mortar and pestle. 

 

2.3 Characterization Methods 
A scanning electron microscope (SEM, VEGA II 

LMU, Tescan Ltd., Czech Republic), with an 

operating voltage of 10 kV, was adopted to observe 

the morphologies of CI microparticles coated with 

PPy. Further, magnetic properties of the particles 

were examined using a vibration sample 

magnetometer (VSM, EG&G PARC 704, Lake 

Shore, USA) at room temperature. 

The MR fluids (40 wt.%) were prepared by 

dispersing CI and CI/PPy particles in silicone oil 

(Lukosiol M100, Chemical Works Kolín, Czech 

Republic; η = 100 mPa·s, ρ = 0.97 g·cm
−3

) using the 

sonicator for 1 min to obtain well-dispersed system. 

Measurements of rheological properties of the 

prepared MR fluids were carried out using a 

rotational rheometer Physica MCR501 (Anton Paar 

GmbH, Austria) with a Physica MRD 180/1T 

magneto-cell. The true magnetic flux density in the 

range 0 – 300 mWb·m
−2

 was measured using a Hall 

probe and the temperature was set to 25 °C and 

40 °C. The parallel-plate geometry with a diameter 

of 20 mm and gap of 1 mm was employed. During 

each run under a magnetic field, the MR suspension 

was first sheared (γɺ = 100 s
−1

) at zero field for 60 s 

to destroy previously formed structures and after 

finishing the measurement the system was 

completely demagnetized. Each measurement under 

given conditions was performed three times and 

average value was used for further investigation. 

The sedimentation ratio of prepared MR 

suspension containing 40 wt.% of CI/PPy core-shell 

particles was measured by placing of the sample in a 

vertical cylindrical container at room temperature. 

This determination is based on a simple naked-eye 

observation of the macroscopic phase boundary 

between the concentrated suspension and the 

relatively clear oil-rich phase as a function of time. 

Thus, the sedimentation ratio is defined as the 

height of particle-rich phase relative to the total 

suspension height. 

 

3 Problem Solution 
SEM images are used in Fig.1 in order to investigate 

the surface texture of synthesized CI/PPy particles. 

The size of core-shell particles (Fig.1b) is larger 

than 2 µm; i.e. the guaranteed particles size by 

supplier, which results from the encapsulation of 

PPy. 

 

   
 
Fig.1 SEM image of mere CI and its PPy coated variant 

with bar length of 2 µm. 

 

The extent of magnetic properties remained in 

the CI nuclei of core-shell particles have to be 

analyzed for consideration whether studied 

structured particles can be used in MR. Hence, the 

magnetic hysteresis loops measured in a powder 

state for mere CI particles and their PPy coated 

variants are presented in Fig.2. Both hysteresis 

loops revealed negligible coercivity and, 

consequently, no remanence indicating soft 

magnetic behavior. Generally, about 30 % decrease 

of the specific saturation magnetization of core-shell 

particles compared with CI particles was detected, 

since PPy powder is not magnetic. Thus, MR 

(a) (b) 
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suspension based on CI/PPy particles should possess 

weaker MR performance, However, the saturation 

magnetization value of core-shell particles is still 

competent for their usage in state of art MR 

applications, since MR suspensions, generally, 

suffer rather from particles sedimentation than low 

MR efficiency. 

 

Fig.2 VSM of mere CI (open symbols) and CI/PPy 

particles (solid symbols). 

Typical behavior of MR suspensions under 

application of an external magnetic field, i.e. the 

transition from liquid to solid-like state, can be 

characterized by a Bingham plastic model. 

Generally, the strength of formed internal chain-like 

structure is evaluated via steady shear flow giving 

the yield stress value. These measurements are 

based on the rupturing of particles chains and 

initiation of the flow. However, the MR systems in 

practical applications are rather exposed to the 

dynamic loadings. Thus, oscillatory shear tests 

represent an effective way to study the dynamic 

characteristics; i.e. complex viscosity, η*, storage, 

G', and loss, G'', moduli, of microstructures formed 

within MR suspensions. Fig.3 shows G', which is a 

measure of elasticity, and G'', which is on the other 

hand the measure of viscous portion, versus strain 

amplitude, γ, for 40 wt.% CI/PPy MR suspension 

under various magnetic flux densities. 

Both moduli are almost the same in the absence 

of the field reflecting a liquid-like behaviour. The G' 

is a little bit higher than G'' due to quite high 

particles concentration. After the magnetic field is 

applied, both moduli increase rapidly over the whole 

strain amplitude range and G' significantly 

dominates over the G''. This dramatic change of 

viscoelastic properties arises from the liquid to 

solid-like state transition due to the formation of 

internal structure within the system after the 

application of the field. Moreover, both moduli 

further grow with increasing magnetic flux density 

as a consequence of stiffer structure formation. As is 

clear from Fig.3, the curves under different 

magnetic flux densities have similar trend as the G' 

changes very little at low strain and decreases at 

high strain; i.e. above the so called linear 

viscoelastic region (LVR), since large deformation 

make an irreversible change in structure. The value 

of strain amplitude within the LVR has to be used 

for further investigation (γ = 5 × 10
–4

 in our case). 

 

 
 

Fig.3 Strain, γ, dependence of storage, G', (solid symbols) 

and loss, G'', (open symbols) moduli for 40 wt.% CI/PPy 

suspension at 25 °C under various magnetic flux densities 

(mWb·m
−2

): (●,○) 0; (�,�) 88; (�,�) 180; and (▲,�) 

274. 

 

From practical applications point of view, it is 

important to know the values of G' and G'' in LVR 

and their frequency dependence. Fig.4 depicts the 

changes of G' and G'' as a function of ω for 40 wt.% 

CI/PPy MR suspension under various magnetic flux 

densities. 

 

 
 

Fig.4 Angular frequency, ω, dependence of storage, G', 

(solid symbols) and loss, G'', (open symbols) moduli 

40 wt.% CI/PPy suspension at 25 °C under various 

magnetic flux densities (mWb·m
−2

): (●,○) 0; (�,�) 88; 

(�,�) 180; and (▲,�) 274. 

 

In the absence of magnetic field, G' is slightly 

higher than G'' due to high particles concentration as 
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in strain dependence. Upon application of the 

external magnetic field, the G' starts to significantly 

dominate over G'' indicating again solid-like 

behavior of the system. Apparently from Fig.4, the 

values of G' not only increase with magnetic flux 

density but also are either constant or increase 

slightly as the angular frequency rises up to 

100 rad·s
–1

 at the same time. Such feature is typical 

for stiff three-dimensional network formed by 

magnetized CI particles within MR fluid which is 

sufficiently strong to transmit the elastic force in 

such system [5]. Obtained results confirm the fact 

that the used PPy coating layer does not hinder 

practical applications based on studied core-shell 

particles. 

The influence of imposed angular frequency on 

internal structure of MR suspension can be also 

examined in term of complex viscosity dependence. 

Fig.5 represents the changes of η* with ω for 

40 wt.% MR suspension based on CI/PPy core-shell 

particles at two temperatures under various 

magnetic flux densities. 

 

 
 

Fig.5 Complex viscosity, η*, as a function of angular 

frequency, ω, for 40 wt.% MR suspension based on 

CI/PPy particles at 25 °C (open symbols) and 40 °C 

(solid symbols) in the absence (a) and under magnetic 

field (b). The symbols for magnetic flux densities 

(mWb·m
−2

): (●,○) 0; (�,�) 88; (�,�) 180; and (▲,�) 

274. 

In the absence of external magnetic field 

(Fig.5a), η* values obtained at elevated temperature 

are lower due to decreased viscosity of silicone oil 

as suspending medium. The liquid to solid-like state 

transition after external magnetic field application 

(Fig.5b) is evident from the abrupt increase of η* in 

the lower frequency region in four orders of 

magnitude. Meanwhile, the shear thinning behavior 

corresponding to the deformation of formed internal 

structures is also clearly observed as the frequency 

increases. Obviously from Fig.5b, higher values of 

η* are achieved at elevated temperature which can 

be attributed to lower viscosity of silicone oil and, 

thus, easier particles orientation into organized 

structures under the field. 

Finally, the role of PPy coating on the 

suspension stability was examined. The model MR 

suspensions with the same weight fraction 

(40 wt.%) but different dispersed particles were set 

in static conditions and the sedimentation ratios 

were measured for 30 hours. The resulting stability 

for suspensions of mere CI particles and their PPy-

coated variants is shown comparatively in Fig.6. 

 

 
 

Fig.6 Sedimentation ratio of MR suspensions (40 wt.%) 

based on mere CI (○) or CI/PPy (●) particles. 

 

Evidently, the sedimentation ratio for CI/PPy 

systems is much improved compared with that of 

mere CI particles suspension. In other words, the 

CI/PPy suspension is more stable than mere CI 

suspension. Therefore, the positive role of polymer 

coating can be confirmed. 

 

 

4 Conclusion 
PPy-coated CI core-shell particles were prepared by 

incorporating in situ polymerization of Py onto CI 

particles in this study. Morphological observation 

has demonstrated that CI particles act as a core and 

the polymer layer formed a rough shell. Although 

the magnetic properties of the core-shell CI/PPy 

particles slightly decrease compared with mere CI 

because of polymer layer present on magnetic 
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particles, the viscoelastic properties of suspensions 

suggest that CI/PPy core-shell particles based 

system still exhibits strong elastic behavior within 

the LVR due to strength of chain structure under a 

magnetic field applied and this feature is almost 

independent of elevated temperature in region 

investigated. It was also confirmed that the PPy 

coating improved the sedimentation stability 

significantly. 
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