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Abstract 

The purpose of this dissertation is to investigate the sedimentation problem in 

magnetorheological fluids (MRFs). MRFs are the class of smart materials since some 

of the physical properties can be changed with the application of an external magnetic 

field. In particular, the shear stress and viscosity characteristics which can modify by 

varying the intensity of the magnetic field can be varied. The main property of MRFs 

is the capability of changing their rheological behavior within milliseconds and 

reversibly with off-state and on-state magnetic field conditions. At present, MRFs are 

very attractive for a large number of applications such as vibration-dampers, clutches, 

brakes up to the recent biomedical applications and virtual reality devices. MRFs 

typically consist of 1-10 m micron-sized magnetic particles dispersed in a carrier 

liquid. Sedimentation stability is the main problem that restricts the application of 

MRFs, and the main factors affecting the stability are high-density magnetic particles, 

volume fraction, and type of carrier liquids. Therefore, studying the preparation and 

performance of the MRFs is crucial to use MRFs extensively for various applications. 

To minimize the settling of magnetic particles used in MRFs various new types of 

additives, surface modifiers, different carrier fluid with varying viscosity, ferrite 

particles, and changing the particle volume fraction are used to address the 

sedimentation issue in the present work.  First, the effects of three different clay 

additives are added in carbonyl iron particles along with poly-alpha-olefin oil for 

sedimentation effect in MRFs are investigated. Experimental investigations have been 

carried for sedimentation testing for MRFs which contain with and without additives 

to know the damping force of fabricated mono-tube magnetorheological (MR) 

damper. Further, the effect of different surface area fumed silica additive added in 

silicone oil to minimize the settling of carbonyl iron particles in MRFs. The carrier 

fluid with varying viscosity plays a major role in the stability of MRFs, so the MRFs 

were prepared with three different carrier fluids with varying viscosity. The ferrite 

particles based MRFs are stable against settling than the CIPs based MRFs due to the 

density of the particles used is very less. The rheological properties of the MRFs, 



including field-dependent yield-stress, were measured at off-state and magnetic fields 

applied using a parallel plate design magnetorheometer. Hence, in this present work 

minimize the sedimentation of the particles in MRFs with slight variation in the 

rheology properties have been formulated in lab-scale at cost-effective than the 

commercial available MRFs. 

Keywords: Magnetorheology, sedimentation, carbonyl iron particles, poly-alpha-

olefin, silicone oil. 
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CHAPTER-1 

 

INTRODUCTION 

This chapter presents an overview of magnetorheological fluids (MRFs), including 

their description, properties, applications, and working modes. 

 

1.1 Background of MRFs 

 J. Rabinow of the US National Bureau of Standards patented the use of MRFs in 

1948’s (Rabinow 2013).MRFs are smart materials that can be controlled by an 

applied magnetic field. MRFs consist of typically micron-sized (i.e.1-10μm) magnetic 

particles that are uniformly distributed in the carrier fluid, which can be mineral oil, 

synthetic oil, water, silicone oil, and hydrocarbon oil (Carlson 2005). 

Fig.1.1 Schematic representation of MRF (a) off-state (b) on-state (c) columnar-like 

structure in the direction of applied magnetic field  

As shown in Fig.1.1(a)-(c), an external magnetic field modifies the macroscopic 

appearance of MRFs by allowing them to transition from a viscous free-flow liquid in 

the absence of a magnetic field to a quasi-solid state in the presence of a magnetic 

field. In other words, polarization between two induced dipoles causes suspended 

particles in MR fluids to form a chain-like microstructure that corresponds to the 

direction of the applied magnetic field (Jolly et al. 1999). The magnetic chain 

arrangement alters the rheological properties of the suspension. Meanwhile, the 
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rheological properties of MR fluids change dramatically, with the shear viscosity of 

MRFs suddenly increasing and yield stress required to start the flow of MR fluids. 

However, at a magnetic field of 150–250 kA/m, MR fluids can only exhibit yield 

stress of 50–100 kPa. When MR fluids are exposed to a magnetic field, the particles 

acquire a dipole moment that is associated with the flux lines of the field (Ashour et 

al. 1996). As this phenomenon is studied on a microscale, it can be demonstrated that 

it contributes to the formation of linear chains of particles, resulting in a solid-like 

MR aggregate on a macro-scale. MRFs gain strength from the formation of chain 

structures. From an application standpoint, the field-dependent yield stress, viscosity, 

and sedimentation stability of the MRFs under gravity are critical parameters. 

1.2 Electro rheological fluids (ERFs)  

In recent years, because of their ability to adjust their flow resistance when subjected 

to magnetic or electric fields, MRFs and electro-rheological (ERFs) fluids have 

sparked a lot of research interest. ERFs are composed of electrically polarizable 

particles suspended in an insulating medium.  

 

 

Fig.1.2 Electrorheological fluids (a) absence (b) presence of an electric field  

If the ER fluid is free of the electrical field, the particles are evenly distributed in the 

fluid and flow as a Newtonian fluid, as shown in Fig. 1.2(a). When exposed to a high-

intensity electrical field of up to 5 kV/mm, however, the particles form a chain-like 

structure parallel to the electrical field's direction, as shown in Fig.1.2.(b). As a 
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consequence, the flow resistance or apparent viscosity gets regulated by the electrical 

field strength. The original properties of the ER fluids could be recovered after the 

electrical field is removed. Due to their high dielectric constants, ferroelectric 

particles such as BaTiO3 and SrTiO3 are also commonly used in ERFs. The electro-

rheological (ERFs) effect is influenced by the electrostatic field, while the magnetic 

field influences the MRFs effect (Stanway et al. 1996). The MRF products have yield 

stress that is 20-50 times higher than the comparable ERF products. All of these 

advantages of MRF technology have given rise to a very high level of interest in the 

launch of MRF-based products over the last few years. Table 1.1 offers a summary of 

the ERFs and MRF's main features. 

Table 1.1 Major characteristics of MRF and ERF (Chaudhuri et al. 2005)  

 

1.3 Ferrofluids and MRFs 

 A ferrofluid is a liquid that contains a stable colloidal suspension of ferromagnetic or 

ferri-magnetic particles. Ferrofluids were discovered in the 1960s at a research center 

run by the United States' National Aeronautics and Space Administration (NASA). 

 

Fig.1.3 (a) MRFs with magnetic field of (b) with the magnetic field on (Jackson et al. 

2018) (c) Ferrofluids (Branch and Knudsen 2018) 

Property Features of MRF Features of ERF 

Maximum yield stress 50–100 [kPa] 2–5 kPa 

Reaction time Few milliseconds Few milliseconds 

Power supply 2–25 [V], 1–2 [A] 2–5 kV @ 1–10 mA 

Working temperature −40 to 150 [°C] 25 °C up to +125 °C 

Operational field 250 kA/m 4 kV/mm 

Energy density 0.1 J/cm3 0.001 J/cm3 

Stability Good for most impurities Poor for most impurities 
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In MR fluids, the iron particles are in the range of 1-10 m, while in ferrofluids, the 

iron oxide particles are about 10 nm. As a result, the magnetic moment of micron 

particles in MRFs is field-induced, and their Brownian motion is negligible, whereas 

magnetic nanoparticles in ferrofluids have a permanent dipole moment and undergo 

extreme thermal motion. MRF changes state from liquid to semi-solid when a 

magnetic field is triggered, while ferrofluid remains liquid even in a strong magnetic 

field, as shown in Fig.1.2.When making a ferrofluid, it is important to keep the 

particles from clumping together and settling. As a result, the size of the magnetic 

particles must be below a critical limit, allowing Brownian motion to counteract 

gravitational agglomeration and sedimentation (Vékás 2008). The interaction of the 

magnetic dipole and the Van der Waals forces facilitate particle agglomeration. 

Ferrites, such as Fe3O4, Fe2O3, and CoFe2O4, are widely used particles that are 

prepared using various techniques (Holm and Weis 2005). Since the particles in 

ferrofluids are smaller, they remain in constant Brownian motion, preventing 

gravitational settling. Only MR fluid expresses yield stress under an external field due 

to this difference, which defines the effect of Brownian motion within the fluid. Table 

1.2 shows the comparison of smart fluid materials.  

Table 1.2 Comparisons of Smart Fluids 

Particulars Ferrofluid MR fluid 

Particles Magnetite, Iron, ferrites, etc. Carbonyl iron, powder, 

cobalt, nickel, etc 

Particle Size 2-10nm 

 

1-10µm 

Carrier Liquid 

 

Oil-based, water-based, etc Oils, Polar Liquid, water 

Density (g/cc) 1-2 3-4 

Operating 

Temperature 

-40 to 150℃ -40 to 150℃ 

Required Field Magnetic Field Magnetic Field 
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1.4 Rheology background to the MRF 

In its simplest form, rheology is the study of the flow and deformation of matter. To 

design magnetorheological devices and predict how they operate, it would be 

important to find a clear relationship between shear stress and shear rate in the MRFs.  

 

Fig.1.4 Under various magnetic field strengths of MRFs (a) shear stress (b) shear 

viscosity of (c) pre and post-yield regions and (d) types of fluids  

There are two ways to express viscosity-dynamic and kinematic viscosity.  

Dynamic viscosity is defined by equation 

                                                          𝜂 =
τ

γ̇
,                                                                         (1.1)  

where  =Shear stress (N/mm2), γ̇=shear rate (1/s), 𝜂(𝑃𝑎. 𝑠) . 
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Kinematic viscosity is defined by 

                      𝜗 =
𝜂

𝜌
,                                                                                                        (1.2)  

where, ρ = density (
Kg

m3
), ϑ =  Kinematic viscosity (

m2

s
) , 104 stokes, 106cSt . 

Fig. 1.4(a), shows that shear stress which increases with an increase in the external 

magnetic field strength. The MR fluid can be called a Newtonian fluid in the absence 

of a magnetic field, with a linear relationship between stress and strain rate (Eshaghi 

et al. 2015). Figure 1.4(b) shows that as the shear rate increases, the viscosity 

decreases, indicating that MR fluids shear thin. The chain structures formed by the 

magnetic particles within the MRF under the applied magnetic field are continuously 

broken under shear deformation (Ju et al. 2013). As the magnetic field strength 

increases, the magnetic interaction force between the particles increases, resulting in 

increased shear viscosity. The shear stress-shear rate properties of the MR fluid can be 

investigated in two regions referred to as pre-yield and post-yield regions, as shown in 

Fig.1.4(c). To model the entire pre-yield and post-yield behaviour of the MR fluids, 

two simple viscoelastic models, Bingham-plastic and Herschel-Bulkley, are 

commonly used: Two parameters, including shear viscosity and shear stress, are used 

in these models to describe the behaviour of MRFs. The Bingham plastic model is 

used when shear stress is proportional to shear rate in the post-yield regime (Çeşmeci 

and Engin 2010). As a result, the behaviour of MR fluid is frequently represented as 

Bingham plastic with variable yield stress. An equation represents the Bingham 

plastic model (Chaudhuri et al. 2006). 

 {
𝜏 = 𝜏𝑦(𝐻) + 𝑠𝑔𝑛 (

𝑑𝑢

𝑑𝑟
) + 𝜇

𝑑𝑢

𝑑𝑟
    |𝜏| ≥ |𝜏𝑦|,

𝑑𝑢

𝑑𝑟
= 0                  |𝜏| ≪ |𝜏𝑦|,

                                     (1.3) 

where τ represents the shear stress, τy represents dynamic yield stress, H is the applied 

magnetic field intensity, du/dr is the shear-strain rate, and μ is the plastic viscosity of 

the MRFs. 

The fluid behaviour under field is nonlinear and different in the pre-yield and post-

yield regimes with pseudo plastic properties shear stress is typically described by the 
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Herschel–Bulkley equation. As depicted in Fig.1.4(d), the above relation describes the 

Newtonian fluid when τy = 0 and n = 1 and when the dynamic viscosity of the fluid is 

constant.The Herschel–Bulkley model reduces to the Bingham plastic model 

for n = 1. The equation demonstrates shear thinning and shear thickening fluids 

for n < 1 and n > 1 respectively(Wang and Gordaninejad 1999). 

                                {
𝜏 = 𝜏𝑦 + 𝑘 |

𝜕𝑢

𝜕𝑧
|

𝑛
|𝜏| ≥ 𝜏𝑦,

𝜕𝑢

𝜕𝑧
= 0                  |𝜏| ≪ 𝜏𝑦,

                                                        (1.4) 

where τ, τy, k , and u denote shear stress, yield stress, plastic viscosity, and velocity of 

the fluid, while the exponent n is a flow behaviour index. 

Casson developed the most widely used empirical model for describing time-

independent viscosity. The Casson fluid model represents the fluid's continuous shear 

thinning behaviour, with viscosity decreasing from infinite at zero shear rate to zero at 

infinite shear rate. Based on the equation relationship between shear stress () and 

shear rate (�̇�) becomes (Sidpara et al. 2009a).                                            

√𝜏 = √𝜏𝑦 + √𝜂𝛾,̇                                                                                                  (1.5) 

where η is a shear viscosity of suspension at an infinite shear rate, τ is the shear 

stress, τy is the dynamic yield stress, and shear rate is (�̇�) 

1.3 Critical factors of MRFs 

Several key issues must be addressed to successfully apply MR fluids in various 

applications. The major challenges of MRF are depicted in Figure 1.5. One of the 

most significant challenges in the application of MRFs is that their magnetic particles 

tend to settle due to the density difference between the dispersed phase (ρ=7.9 g/mL) 

and the carrier fluid medium (ρ=0.95g/mL), making them difficult to re-disperse in 

the suspension. Sedimentation can be especially problematic when MRF-based 

devices are used infrequently. Understanding the sedimentation process is required for 

MRF application success. As a result, the sedimentation stability of the MRF used in 

the specific device may become a greater concern in the current work. 

When MRFs are subjected to a large number of loading cycles, they exhibit an 

increase in OFF state viscosity at high stress and high shear rate over time, causing 
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the fluid to thicken. A good magnetorheological fluid should be able to withstand the 

in-use thickening that occurs during use (IUT) (Carlson 2003).  

 

 

 

 

 

 

Fig.1.5 Challenges of MRF (Kumar et al. 2019) 

The commercial MR fluid manufacturing process differs significantly from laboratory 

MR fluid mixing. Due to the sophisticated manufacturing process, the price of 

commercially available MRF is expensive from Lord. Corporation (MRF-132DG $ 

816.00 per 1 Litre). Many more applications would become commercially viable very 

quickly if the material cost of MRFs could be reduced. 

Particle oxidation is a chemical reaction that takes place in the presence of air and 

moisture. This causes rusting of iron particles used in magnetorheological fluids, 

which can have serious consequences for magnetorheological fluid results such as 

yield strength and response time. 

 Han et al., (2015) studied the effects of using corroded iron particles to synthesize 

magnetorheological fluids, and their output in MR devices was investigated. Shear 

stress values were found to be very low, and response time was found to be very fast. 

Another significant challenge of MRFs is their low off-state viscosity in the absence 

of a magnetic field, which is a critical requirement for MRF device applications. 

Despite these obstacles, MR technology is increasingly used. 
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1.5 Magnetic properties of materials  

Magnetization (M) is the total magnetic moment of dipoles per unit volume. The 

magnetization unit is A.m2 per m3.  

Fig.1.6 Hysteresis curve of soft/hard magnetic materials (Branch and Knudsen 2018) 

Magnetic induction, also known as magnetic flux density B, is the flux per unit area 

expressed in Wb/m2 or Tesla units (T). The equation (1.6) gives the induction in free 

space.  

                                          𝐵 = 𝜇οΗ,                                                                                    (1.6) 

Where, µ0 is the permeability of free space (4π x 10-7 H/m). If space is filled with any 

magnetic substance in which the induced magnetization is µ0M. The MR effect on 

MR fluid quantitatively depends on dispersed magnetic particle size, subject to the 

scale of micro and nano as well particle’s detail magnetization given in equation (1.7) 

                                                    𝐵 = 𝜇ο(Η + M)                                                             (1.7) 

Susceptibility is defined as given by the Eq.(1.8)  

                                              𝜒 =
𝑀

𝐻
.                                                                                 (1.8) 

The M-H hysteresis curves for ferromagnetic soft and hard magnetic materials are 

shown in figure 1.6. When the applied magnetic field is zero, remanence is a measure 

of the remaining magnetization. Coercivity, on the other hand, is a measure of the 

reverse magnetic field required to drive the magnetization to zero after it has been 

saturated. Figures 1.6(a) and (b) show the difference in hysteresis loops between soft 
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and hard magnetic materials in terms of remanence region. Soft and hard magnetic 

materials, the most important criterion for differentiating between soft and hard 

magnetic materials, as well as the energy product BrHC, required to demagnetize the 

magnetic material, is coercivity, which is defined as the material's resistance to 

magnetization reversal. Magnetically soft materials have coercivity values less than 

50 Oe, while magnetically hard materials have values greater than 100 Oe.  

 

1.8 MRF applications 

Potential applications of MRFs are in devices that involve rapid, continuous, and 

reversible changes in rheological characteristics. Based on MRF characteristics, many 

devices have been developed. According to their survey, the promising features of 

MRF technology, such as rapid response, the simple interface between electrical 

power input and mechanical power output, and even precise controllability, make 

them the next technology choice for many applications 

 

1.8.1 MR damper working principal 

Recently, some small MRF dampers have been developed, RD-1097-01X damper, 

which is the smallest commercial damper and still has a force of 100N. Figure 1.7 

depicts the structure of a traditional MRF damper. Changes in the applied excitation 

current affect the strength of the magnetic flux density of the electromagnets, which in 

turn affects the rheological properties of the MR fluid (Wang and Meng 2001). Low 

off-state viscosity is an important property in these devices. As a result, by 

modulating the electrical current to the damper, the resistance of the damper can be 

continuously changed in real-time. The passive dampers are tuned to a specific 

performance condition and achieve high force only when the stroke velocity is high. 

In the case of MR suspensions, maximum force can be achieved instantly because 

they can be continuously adjusted to support various operating conditions. When no 

force is applied, the gas chamber in the mono-tube damper provides a spring effect to 

the force generated by the damper and keeps the damper in extended length (Yao et 

al. 2002). Changes in the applied excitation current affect the strength of the magnetic 

flux density of the electromagnets, which in turn affects the rheological properties of 
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the MR fluid. The force-displacement and force-velocity curves in Fig. 1.7(b) and (c) 

show the damping behaviour of the mini-damper, which are nonlinear hysteretic 

characteristics. 

 

 

 

Fig.1.7 (a) MRF damper (b) damping force v/s displacement (c) damping force v/s 

velocity for different frequencies (Huang et al. 2017)  

 

 1.8.2 MR fluid in automobiles, civil structures, and prosthesis applications 

The construction of smart and controllable MR linear dampers is one of the most 

intriguing engineering applications of MR fluid. The main advantage of an MR-based 

damper is its controllability, which can be adjusted to provide the desired level of 

damping by simply changing the supply current. An electromagnet is used to create a 

magnetic field. As shown in Fig.1.8, MR dampers are widely used in vehicle 

suspension systems to improve ride comfort and stability. By varying the viscosity of 

the MR Fluid, a controlled set of algorithms improves the shock-absorbing capacity of 

suspension (Yao et al. 2002). As shown in Fig. 1.8, the results show a significant 

reduction in vibrations of the bridge structure. The MR Dampers can be used as 

seismic dampers, operating at the building's resonance frequency and absorbing shock 

waves and oscillations that can cause harm within the structure. They are also used to 

avoid the seismic activity depicted in Fig. 1.8(c). As a result, the dampers can make 
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any building earthquake-proof. The MR Dampers can be used in the prosthetic knee 

to provide quick shock absorption and give the user the sensation of walking on 

natural feet (Dyke et al. 1998). 

 

Fig.1.8 MR damper applications in (a) vehicle suspensions (b) cable-stayed Bridges 

(c) civil buildings (d) human prosthetic leg (e) lord’s seat suspension system  

 

Figure 1.8(d) depicts a prosthetic leg with an MRF damper that reduces the shock 

delivered by the patient's leg during jumping. As a result, the patient's mobility and 

agility will improve. A small magneto rheological fluid damper is used in such 

systems to control the motion of an artificial limb in real-time based on inputs from a 

group of sensors (Gao et al. 2017). This is accomplished by employing a small MR 

fluid damper to absorb the shocks caused by the motion of a prosthetic knee, as shown 

in Fig.1.8(d) Ride quality in heavy-duty dump truck or tractor is not only a comfort 

issue but also a health and safety issue for the operator. Fig.1.8(e) shows the seat 

suspension system consists of an MR damper that can control vibration.  
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1.8.3 MRFs in haptic, polishing, and automobile applications 

  

Fig.1.9 Schematic of (a) haptic devices (b) MR fluid seal (c) MR brake (d) MR engine 

mount (e) MR polishing devices (f) MRF clutch 

 

The schematic diagram of the system's haptic devices is shown in Fig. 1.9 for the 

study of the coupling of the human sense of touch and a computer-generated 

environment. Haptics is a tactile feedback technology that simulates the user's sense 

of touch by using forces, vibrations, or motions. To generate a sufficient sense of 

touch to human skin, haptic devices should have high performance in their output 

characteristics, such as low friction in off-state, the constant force with constant input, 

and quick response with dynamic input. The MR seal was formed by controlling the 

viscosity of the MR fluid confined by a magnetic field in the working gaps between 

mating parts with the same structure as the Ferro-fluid seal, as shown in Fig. 1.9(b). 

The seal's characteristics are as follows: simplicity in structure, provision of high 

sealing, lack of wear of mating parts, and ease of maintenance (Kordonski and 

Gorodkin 1996). Recently, MR brakes have been investigated as an alternative to 

conventional hydraulic brakes for road vehicle applications. The torque 

transmissibility of an MR brake is heavily influenced by MR fluid properties such as 
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dynamic yield stress and viscosity (Kumbhar et al. 2015). Magneto-rheological (MR) 

mount for a cabin of heavy equipment vehicles were designed for improving vibration 

isolation in both low and high-frequency domains (Zhang et al. 2011). The mounts 

shown in Fig. 1.9(d) operate similarly to a hydraulic mount except that while the fluid 

moves between the mount chambers, its viscosity can be changed by applying a 

magnetic/electric field across the passages connecting the chambers (Hong and Choi 

2005).  Magnetorheological (MR) polishing achieves precise control of polishing 

forces by utilizing the rheological properties of an MR polishing fluid in the presence 

of a magnetic field. An MR polishing fluid is transformed into a stiffened fluid ribbon 

that serves as the polishing tool during the MR polishing process. MR effect 

polishing, also known as magnetorheological finishing, is a new magnetic-assisted 

hydrodynamic polishing method shown in Fig.1.9(e). This polishing is commonly 

used on optical glasses, ceramics, plastics, and some nonmagnetic materials (Singh et 

al. 2015). As shown in Fig. 1.9(f), an MR clutch consists of a driving shaft, a driven 

shaft, two parallel transmission disks, namely a driving disk, a driven disk, a coil, and 

MR fluid filled in the working gap between the two disks (Shafer and Kermani 2011). 

 

1.9 Magnetic flux density (B) versus H curve relationships  

 

 

 

 

 

 

 

 

Fig.1.10 Typical magnetic properties of tested MRFs (Purandare et al. 2019) 

 

The static magnetic properties of MRFs, which can be characterized by B-H and M-H 

hysteresis, are important in the design of any MRF-based device. The magnetic flux 
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density (B) is proportional to the applied field (F). As a result, the B-H curve for an 

MRFs suspension is depicted in Fig. 1.10. A vibrating sample magnetometer (VSM) 

can measure hysteresis loops in a maximum field of 1.25 T, while a Quantum Design 

MPMS-2 magnetic-property measurement system equipped with a superconducting 

magnet can measure them in a maximum field of 5 T.Fig.1.10 depicts the magnetic 

flux density versus magnetic field intensity of commercially available tested MR 

fluids. Up to 200 kA/m of applied field intensity, MRFs have approximately linear 

magnetic properties. The magnetic flux density of MRF-241ES is higher than that of 

the other MR fluids. The magnetic properties of MRFs differ significantly because 

MRF-241ES (3.80–3.92 g/cm3) has a higher particle density than MRF-132DG (2.98–

3.18 g/cm3) and MRF-122-2ED (2.32–2.44 g/cm3) (Mazlan et al. 2009). 

1.10 Shear yield stress and magnetic field strength relation  

 

 

 

 

 

Fig.1.11 (a) Yield stress v/s magnetic field strength (b) shear yield stress v/s magnetic 

field strength at different volume fractions 

 

The shear stress yield, which is the maximum stress that the fluid can withstand 

before beginning to flow, is the most important parameter for MR fluids. Taking into 

account how MRFs change their properties as the magnetic field strength changes, a 

constitutive model for shear yield stress was developed, consisting of expressions that 

relate to the volume fraction, magnetic field strength, and particle materials. The 

saturation shear yield stress occurs when the shear yield stress of a magnetic field 

becomes constant due to particle alignment. As per Ginder et al., (1996) microscopic 
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model is given in equation (1.9), for yield stress calculations concerned with the 

details of forces between interacting particles.  

                  𝜏𝑦 = 𝐶. 271700. ∅𝐶3 tanh  (𝐶4 × 10−6𝐻)                                                     (1.9) 

While (Weiss et al. 1994) macroscopic model, suggests a linear dependency on solid 

loading and a sub quadratic field dependency, shown in equation (1.10) for the yield 

stress calculation  

                𝜏𝑦𝑠
= 𝐶5. 𝜑. 𝜇0 𝐻𝐶6𝑀𝑠

1−𝐶6  ,                                                               (1.10) 

where Ms is the saturation magnetization for the MR fluid, and φ represents iron 

volume fraction. In MR fluid design, this value is fundamental since it is directly 

related to the maximum power that can be dissipated by an MR instrument. One 

potential way to increase the yield stress of MR fluids is to choose a material with a 

greater magnetic saturation (Jolly et al. 1996)  

The induced yield stress of the MRFs as a function of the applied magnetic field 

intensity is shown in Fig. 1.11(a). (Nguyen et al. 2014b) et al given the least square 

curve fitting method, the yield stress of the MR fluid was approximately expressed by  

                           𝜏𝑦 = 𝐶𝑂 + 𝐶1𝐻 + 𝐶2𝐻2 + 𝐶3𝐻3                                                      (1.11) 

In equation (1.11), the unit of the yield stress (𝜏𝑦) is kPa, while that of the magnetic 

field intensity (𝐻) is kA m−1. The coefficients C0, C1, C2, and C3 are respectively 

identified as 0.3, 0.42, −0.001 16, and 1.0513 × 10−6. 

(Si et al. 2008) described the model to calculate yield stress in terms of magnetic field 

intensity, particle size, and iron particle volume fraction. The model is illustrated in 

Fig. 1.12, where h denotes the gap between the two plates, τ0 is the shear yield stress 

per unit area, and Fa is the external force applied to the upper plate in the lateral 

direction. The bottom plate is held stationary.The applied magnetic field in an upward 

direction. The analysis showed that the yield stress of MR fluid under that 

 

                                           𝜏𝑜 = 𝐹𝑎𝑠𝑖𝑛𝜃𝛼                                                                 (1.12) 

where θα is the angle between the centerline of the chain and these conditions can be 

given as  
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Fig 1.12 Shear yield stress 

                      𝜏0(𝐻) = ∑
𝜇𝑂

12𝑛2

𝑟∅𝜈(𝜇𝑚𝑟 − 1)2𝐻2

(2𝑟 + 𝛿𝑝)
sin 𝜃𝑎 cos 𝜃𝑎 .

𝐾𝑃

𝑛=1

                     (1.13) 

Where 𝜇𝑚𝑟—relative permeability of the MR fluid, 𝜇𝑚𝑟 = 1 + κv, 𝐾𝑣— susceptibility, 

𝐾𝑃—average number of particles in each chain, and kp = Afh/VsNs, Af—flat plate 

area, Vs—average volume of solid particles, Ns-number of chains in a unit area. 

1.11 MRF common operational modes  

There are three modes of MRF operation depending on the fluid flow and rheological 

stress. MR devices can also be used in a combination of these modes. In many 

applications, the three most common modes of operation for MR fluids are flow 

mode, shear mode, and squeeze flow mode. 

 

 

 

 

 

 

Fig.1.13 The concept of basic operational modes of MR fluids (a) flow mode, (b) 

shear mode, and (c) squeeze mode. 
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The first mode is flow or valve mode, in which the fluid is passed between two 

stationary elements, with the magnetic flux flowing perpendicular to the flow of the 

fluid from one element to the other, as shown in Fig. 1.13. (a).The valve mode as an 

operational mode is used in dampers or shock absorbers. The pressure drop created in 

this mode e.g. in a damper is the sum of the viscous (pure rheological) 

component (∆𝑃𝑟) and the magnetic field dependent (magneto-rheological) 

component (∆𝑃𝑚𝑟). The value of this pressure drop is defined using the following 

approximation equation (1.14) (SUNG et al. 2005).   

                   ∆𝑃 = ∆𝑃𝑟 + ∆𝑃𝑚𝑟 =
12𝜂𝑄𝐿

𝑔3𝑤
+

𝑓𝜏𝑚𝑟𝐿

𝑔
.                                                 (1.14) 

In this equation, (Pa s) represents dynamic viscosity, Q (m3/s) is the flow rate, and L, 

w, g (m) represents the flow channel's geometric length, width, and gap size. Direct 

shear mode is shown in Fig. 1.13 (b). The two magnetic poles move relative to each 

other in this mode, and the MR fluid is sheared between them. A layer of MR fluid is 

squeezed between the two magnetic poles in squeeze-film mode. When two magnetic 

pole plates move relative to each other, the magneto-rheological fluid between them is 

sheared. The magneto-rheological (MR) fluid is sandwiched between two moving 

paramagnetic surfaces. The MR fluid is in a shear mode in this case. One of the 

drawbacks of an MR fluid in shear mode is that it has weak interactions between 

magnetic particles when their chains are strained by an external force. In the shear 

mode, the connection total force can be divided into a viscous (pure rheological) 

component Fr and a magnetic field dependent (magneto-rheological) component Fmr. 

Equation 1.15 is used to calculate the total shear force (Boelter and Janocha 1997). 

Figure 1.13 depicts the direct shear mode, which is used in brakes and clutches (b). 

                                                     𝐹 = 𝐹𝑟 + 𝐹𝑚𝑟 =
𝜂𝑆𝐴

𝑔
+ 𝜏𝐴                                       (1.15) 

In equation (1.15), 𝜂 (Pa s) represents the dynamic viscosity, S (m/s) represents the 

relative speed, A = the working interface area, and g = gap size of the flow channel 

(in meter). In the magnetic field dependent component 𝐹𝑚𝑟 (N/mm2) is the yield stress 

developed in response to the applied magnetic field. 
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When MR fluid is subjected to an external magnetic field between two parallel 

surfaces, it enters squeeze mode. One surface is fixed, while the other can only move 

in the direction of the magnetic field (Sapiński and Gołdasz 2015). As a result, this 

mode is typically used for low-motion, high-force applications. There are two types of 

squeeze modes: compression and tension. In the squeeze mode, the total amount of 

force is estimated by 

                  𝐹𝑠 =
𝜋𝑟4

4
(

6𝜇ℎ̇

ℎ3
+

3𝜌ℎ̈

5ℎ
−

15𝜌ℎ̇2

14ℎ2
)                                                        (1.16) 

where and 𝑟, 𝜇 ℎ,̇ ρ ℎ,̈ ℎ  are the plate radius, the distance between the two parallel 

plates, the viscosity of the MRF, the gap acceleration, the gap speed, and the density 

of the MRF, respectively.  

 

1.12 Outline of the thesis  

The thesis has been presented in 9 chapters: 

Chapter 1 outlines the introduction to MRFs, properties of MRFs critical factors of 

MRFs, MRFs operational modes and applications of MRF.   

Chapter 2 describes the detailed review of the published literature relevant to the 

present study. The literature review presented mainly includes earlier research work 

carried out on the development of MR fluids stabilization methods such as surface 

modification, additives added, Nano-particles, high-density carrier fluid, and different 

types of magnetic particles are discussed. The research gap, motivation, and 

objectives of the present research work are discussed.  

Chapter 3 describes materials used for synthesizing MRFs, fabrication of mono-tube 

MR damper, and proper dispersion mechanism of additive are discussed. In addition 

to that, various characterization techniques such as analysis of morphology, saturation 

properties, sedimentation, surface tension, chemical compositions, and rheological 

characteristics are discussed. 

Chapter 4 In this chapter, the effects of additives on the synthesis of carbonyl iron 

suspension on the rheological and sedimentation characteristics of 

magnetorheological (MR) fluids are discussed.  
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Chapter 5 In this chapter, the preparation of MRFs, morphology, damping force 

properties using an MR damper, sedimentation quality characteristics, magnetization 

saturation studies, and rheological property characteristics are all discussed.  

Chapter 6 outlines the various fumed silica as a thixotropic additive on carbonyl 

magnetorheological fluids for sedimentation effects rheological properties 

characteristics are discussed in  

Chapter 7 explains the sedimentation and rheological properties using various carrier 

fluids are outlined.  

Chapter 8 describes the effect of varying percentages of Mn-Zn ferrites particles 

based on MRF were discussed.  

Chapter 9 presents the conclusions reached based on the findings of this research 

project, as well as prospects.  
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CHAPTER-2 

 

LITERATURE REVIEW 

This chapter presents a detailed literature review of published research articles related 

to MRFs. This chapter provides a review of the literature on MRF preparation, MRF 

constituents, sedimentation techniques, and MRF rheological properties. As a result, 

understanding the properties of MRFs is critical for applying them to real-world 

applications of MRFs devices such as MR prosthetic knees and MR dampers. 

2.1 Constituents of MRFs 

An MRF typically consists of three main constituents: base fluid, magnetizable 

particles, and a stabilizer to reduce magnetic particle settling. The base fluid functions 

as a carrier medium for magnetic particles. Petroleum-based oils, mineral oils, rubber, 

polyester, polyether, water, and synthetic hydrocarbon oils are commonly used as 

base oils in the preparation of MRFs (Ashtiani et al. 2015). This is a medium in which 

magnetic particles are dispersed to prepare the MRFs. Figure 2.1 shows the flow chart 

of MRF constituents. 

 

 

 

 

Fig.2.1 Constituents of MRF fluid 

2.1.1 Liquid phase  

The base fluid, which can be either polar or non-polar, is usually chosen for its 

rheological properties and temperature stability. Other factors to considered while 

choosing a base fluid include magnetic particle compatibility, chemical stability, 

surface tension, and so on. Another important feature of the carrier fluid in MRFs is 

its low vapor pressure, because it is not necessarily vaporized and can thus be used at 
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a wide range of temperatures. The carrier liquid's viscosity should be appropriate, 

which means that when the magnetic field is zero, it should have less viscosity, and  

provides better MRF characteristics. The sedimentation increases as the viscosity 

decreases. The fact that the MR fluid has a low cooling point and a high-temperature 

point confirm that it has a high working temperature with different operating ranges. 

A low viscosity carrier fluid should be used in MRFs. It should also include other 

critical characteristics for operating temperatures and particle redistribution (Charles 

2002). One of the most important characteristics of the continuous process of MRFs is 

viscosity.   

2.1.2 Dispersed phase  

Many metals, alloys, and ferrite-based magnetic particles can be used as magnetic 

phases in the fabrication of MRFs. Because of their high magnetic permeability and 

saturation magnetization, ferromagnetic binary alloys appear to be another option for 

MR fluids. Among magnetic alloys, FeCo, FeNi, and Nico are the most commonly 

tested in both bulk and nano forms. Some of the most commonly used magnetic 

particles are ferrite-particles, iron-cobalt alloy, and carbonyl iron.As previously 

stated, the magnetic particle which is most commonly used in MRF preparation is a 

high purity iron powder known as carbonyl iron particles (ρ=7.91 g/cm3), which was 

chosen for its high saturation magnetization of 2.1 Tesla and availability of various 

particle sizes (average particle size: 1-10 μm). Carbonyl iron particles (CIPs) are free-

flowing powders which are manufactured in large quantities by BASF through the 

thermal decomposition of liquid Fe(CO)5. The reagent is produced as uniform 

spherical particles suitable for direct use as a result of this process. 

                                     Fe(Co5) → 𝐹𝑒(𝑠) + 5𝐶𝑜 ↑ (𝑔)                                              (2.1) 

2.1.3 Stabilizers 

To prevent magnetic particle sedimentation in MR fluids, various methods, such as 

polymer coating on magnetic particles to reduce the mismatch dispersed phase and 

continuous phase are used. The use of additives such as thixotropic agents, 

surfactants, or fillers that can intercept magnetic particle physical contact is another 

technique identified by the researchers. Section 2.2 discusses the detailed study of 

sedimentation methods. 
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2.1.4 General preparation of MRFs 

MRFs are made up of two components: solid phase and liquid phase. The solid phase 

is added to the liquid phase and thoroughly mixed for a set amount of time. The 

resulting mixture is then left undisturbed to observe the magnetic particle settling 

characteristics. The preparation method and materials used in MRFs are shown in 

Table 2.1. MR fluids containing magnetic particles must, in general, have a high 

saturation magnetization and a low coercivity/remnant magnetization, as well as be 

resistant to settling, irreversible flocculation, and chemical degradation/oxidation. 

Table 2.1 Preparation method of MRFs 

Magnetic/dispers

ed 

phase 

Method of preparation 
Stabilizers 

used 
Ref 

Carbonyl iron/ 

lubricant oil 
Mechanical Stirring 

CI 

nanoparticle 

(Kim et al. 

2012a) 

Carbonyl iron 

particles/ silicon 

oil 

Mechanical Stirring at 

1000 rpm 

cellulose 

nanoparticles 

(Rabbani et al. 

2019) 

Fe78Si9B13 

particles/ silicon 

oil 

Mechanical stirring 

and supersonic 

dispersion for 1.5 h 

Na (Yu et al. 2016) 

Iron 

powder/Silicone 

oil 

Mechanical stirrer at 

400 rpm in room 

temperature 

Grease 
(Premalatha et al. 

2012) 

 

2.2 Sedimentation in MRFs 

Sedimentation caused by density differences between magnetic particles and carrier 

fluids is a major challenge in MRFs. The MRF experiences phase separation due to 

the large gravity difference between dispersed phase density (7.5 g/cm3) and carrier 

fluid density (1 g/cm3). The effect of sedimentation on MRF is shown in Fig 2.2 (a): 

on the left, a homogeneous MRF before sedimentation; on the right, the fluid after 
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sedimentation with an obvious sedimentation layer at room temperature. Fig 2.2(b) 

shows the position changes of the boundary between a clear and turbid portion of 

carrier oil (Bell et al. 2008)..  

Fig.2.2(a)The conventional MRF (New Energy and Industrial Technology 

Development Organization) (b) Iron particles dispersed in silicone oil along with 

micro wires  

Sedimentation rate is calculated using the general equation given (2.2) 

                          Sedimentation rate (%)  =
b

a+b
× 100                                           (2.2) 

Where: a - the length of the clear fluid, b - the length of the turbid fluid. 

The general sedimentation stokes law predicts that a decrease in particle-fluid density 

mismatch reduces particle sedimentation velocity. The general sedimentation law is 

described by the equation (Wang et al. 2017a)  

                                            𝑉(𝜙, 𝑑) =
|𝜌𝑝−𝜌𝑐|×𝑔×𝑑2

18×𝑣×𝜌𝑐

[1−∅]

[1+
4.6∅

(1−∅)3]
.                                     (2.3) 

Where V represents the particle migration velocity (m s-1), 𝜌𝑝 is the particle density 

(kg m-3), 𝜌𝑐 indicates the continuous phase density (kg m-3), 𝑣 designates the 

kinematic viscosity of continuous phase, g is gravitational acceleration (9.81 m/s2), d 

represents for the particle diameter, and  represents the volume fraction.  
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Fig.2.3 Method to address sedimentation problem in MRF 

Various methods used to address the stabilization are shown in Fig.2.3. Researchers 

have identified six major methods for reducing sedimentation they are: surface 

modification of magnetic particles, Non-magnetic additives, nano-particles, 

Surfactants, and high-density carrier fluids. 

2.2.1 Non–magnetic additives  

Many techniques have been developed to mitigate the sedimentation issue of MRFs, 

with the use of additives being one of the simplest. The effects of additives on the 

stability of MRFs will be discussed in detail in this section. 

 

Fig.2.4 (a) Supposed morphology of SWCNT additives added MRFs (Fang et al. 

2009). (b) PANI/Fe0 additive CIPs based MRF with and without magnetic field (Piao 

et al. 2015).  

Red dots and yellow lines in Fig. 2.4(a) represent amorphous carbon and SWNT, 

respectively. When the magnetic field is absent, nano-scaled amorphous carbon and 

SWNT dispersed in CIPs suspension are randomly adhered to the surface of CI 

particles, preventing CIPs from coming into direct contact. When an external shear 

field is applied, these additives-wrapped CIPs may exhibit flocculation due to SWNT 

entanglement among adjacent CIPs (Fang et al. 2009).  
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Fig.2.5 (a) Microcrystalline cellulose added CIPs MRFs (Bae et al. 2017) (b) 

magnetic hybrid additives added MRF with and without magnetic field (Manzoor et 

al. 2018)   

Many different additives have been used to stabilize or improve the performance of 

MRFs to date, but their efficiency ranking is still lacking. To create effective MRFs, it 

is necessary to investigate the overall effects of the additives on their complex 

behavior. The most important criterion for additive selection is compatibility with the 

carrier matrix, which must be determined even before determining the amount of 

additive to be used in specific MR fluids. 

Among these additives, sub-micron-sized particles have attracted the interest of 

researchers because they can significantly reduce particle sedimentation by occupying 

the interspaces of magnetic particles, as shown in Fig. 2.5.(a). In the absence of a 

magnetic field, however, microcrystalline cellulose can prevent direct contact 

between the CIPs. (Bae et al. 2017). Fig.2.5(b) shows the MRF without and with 

hybrid additives such as molybdenum disulfide (MoS2), graphene-oxide, Fe-rGO-

MoS2, and non-magnetic rGO-MoS2 that play a significant role in improving yield and 

sedimentation by application of magnetic field (Manzoor et al.2018).  

Lim et al. (2004) discussed the CIPs based MRFs with the addition of fumed silica to 

enhance the re-dispersibility of MR fluid. The fumed silica fills the interspace 

between the particles which might help in the formation of chain-like structure and 

found that adding a specific amount of fumed silica to the MRFs was considerably 

successful in preventing sedimentation of CIPs shown in Fig. 2.6(i) and 2.6(iii). The 

shear stress and shear viscosity higher values with magnetic field as shown in Fig. 

2.6(ii) 

https://www.sciencedirect.com/topics/chemistry/microcrystallinity
https://www.sciencedirect.com/topics/chemical-engineering/cellulose
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Fig.2.6 (i) SEM image of CI and fumed silica (FS) mixture (ii) shear viscosity and  

shear stress as a function of shear rate (iii) changes of sedimentation ratio with time 

Chae et al. (2015) discussed the sepiolite, a fibrous clay mineral (0.1wt.%) that was 

added to a mineral oil along with carbonyl iron (CI) (70 wt. %.) and particle-based 

MRFs was prepared. When the external magnetic field was present, both MRFs (with 

and without clay MRF) exhibited a Bingham behaviour with non-vanishing yield 

stress under the magnetic field. The dispersion stability of CI/sepiolite suspensions 

was better than that of pure CI MRFs.  

Fig.2.7 (i) shear stress versus shear rate (ii) sedimentation ratio versus Time (iii) 

Images of sedimentation after settling of particles.  

In a successful research, Hong et al. (2013) prepared the 70wt.% concentration of 

CIPs, with 1.0 wt. %  and without halloysite additive added in  MRFs. On the other 

hand, these additive particles prevented the hard caking of magnetic particles in the 

MRFs suspension. The dispersion stability of CI/halloysite was superior to that of 

pure CI MRFs. The flow curves measured from a rotational rheometer revealed non-

Newtonian Bingham fluid behaviour under an applied magnetic field.  

In another study, Hato et al. (2011) studied the effect of adding submicron 

organoclays to an MRF based on CIPs and noticed that the addition of up to 1 wt.% 

organoclays improved redistribution and stability of the suspension. Fig.2.7(i) shows 

the shear stress at different applied magnetic field strength, and the pure CIPs based 
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MRFs shows larger shear stress than the additive added MRF. As can be seen from 

Fig.2.7(ii) the sedimentation rate showed a considerable reduction with the addition of 

different weight percentages of organo-clay additives.  

In a similar research, Lim et al., (2005), employed sub-micron sized organoclays to 

stabilize an MRF containing carbonyl iron particles. It was observed that the addition 

of organoclay without much change in the MR effect improved the stability of the 

MRFs. A descending trend for yield stress was reported at first which was later 

changed to an ascending trend by increasing the magnetic field.  

The yield stress as a function of magnetic field strength for two different regions of 

low and high field can be obtained by using the universal yield stress equation 

(Morillas and de Vicente 2019). A general universal relationship dependence on �̂� and 

H0 was introduced in the previous study as given below (Kim et al. 2012b)  

                                                  �̂�(𝐻0) = 𝛼𝐻𝑂
2 (

𝑡𝑎𝑛√𝐻0 𝐻𝐶⁄

√𝐻0 𝐻𝐶⁄
)                                     (2.4) 

                                                �̂�(𝐻0) = 𝛼𝐻𝑂

3

2𝐻𝑐

1

2 𝑡𝑎𝑛ℎ (√
𝐻𝑜

𝐻𝑐
) .                                 (2.5) 

Where α is associated with the susceptibility of the fluid regarding the volume fraction 

of magnetic particles. In this case, the critical magnetic field strength is located 

between two regimes as given by the following equation 

                                     𝜏𝑌 = 𝛼𝐻0
2      𝐻𝑂 << 𝐻𝐶                                                    (2.6) 

                                   𝜏𝑌 = 𝛼√𝐻𝐶𝐻𝑂
3

2⁄
 ,  for  𝐻𝑂 >> 𝐻𝐶                                       (2.7) 

𝜏𝑌, possesses two limiting behaviours around a critical magnetic field strength 𝐻𝐶 

concerning  𝐻0, Eqn. (2.6) indicates that 𝜏𝑌 is proportional to 𝐻0
2 at low magnetic 

field strength and Eqn (2.7) indicates that 𝜏𝑌 is proportional to 𝐻𝑂
3

2⁄
 when the  𝐻0 

exceeds 𝐻𝐶 at high magnetic field strength. 

Bae et al. (2017) demonstrated about the microcrystalline cellulose (MCC) particles, 

fabricated from rice husk, which were introduced as an additive to CI-based MRFs. 
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The rheological properties of MR fluids with and without MCC additive were 

compared under an external magnetic field  using a rotational rheometer. Although the 

MR property of CI/MCC-based MR fluid decreased slightly due to the addition of 

MCC, while a reduction in sedimentation rate was observed. 

Cvek et al., (2018) studied the addition of carbon allotropes (fullerene powder, carbon 

nanotubes, graphene nano platelets) to the carbonyl iron-based MRF (60% weight 

fraction CIP) to examine their effects on stability. The results showed that carbon 

nanotubes had the highest stabilization effect. The measured sedimentation ratio was 

about 20% after 100 h.  

Manzoor et al. (2018) discussed the hybrid rGO-MoS2 additives for high-performance 

MRFs.Two different kinds of hybrid additives; non-magnetic rGO-MoS2 and 

magnetic Fe-rGO-MoS2, were synthesized by using a hydrothermal method. The 

rGO-MoS2 added suspensions remained stable for the first 90 min whereas the CIP 

MRFs settled down quickly (65%) in the first 10 minutes. There was an increase in 

the shear stress and yield stress after the addition of additives.  

Wu et al. (2006) used guar-gum to generate cell-type structures in silicone oil.  Upon 

the application of a magnetic field, the iron microparticles line up along the field lines 

and the cells underwent distortion. The optimum amount of guar gum was 3wt. % of 

the amount of the iron powders, which led to an MR fluid with yield stress (i.e.52.5 

kPa at 0.4 T) and zero-field viscosity (i.e.0.70 Pa.s) at a shear rate of 100 s-1 and the 

MRFs showed only 2–3% sedimentation after 3 months period.  

Chae et al. (2015) used attapulgite (ATP) fibrous nano clay mineral adopted as an 

additive in soft magnetic carbonyl iron (CI)-based MRFs. Two different types of 

MRFs prepared with same particle concentration of CI at 70 wt. % with one having 

the 0.1 wt. % of ATP additive. Fig.2.8 (a) and (b) show the shear stress of the CIPs 

based MRFs showing higher shear stress and shear viscosity values than the ATP 

mixtures-based MRFs and behave like non-Newtanion type. The sedimentation test 

showed that the addition of ATP additive improved the sedimentation time of CIPs in 

carrier fluid as shown in Fig.2.8(c). 
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Fig.2.8 (a) shear stress (b) shear viscosity v/s shear rate (c) sedimentation profile for 

CIPs and ATP additive MRFs  

Piao et al. (2015) proposed a Fe0 nanoparticle-supported polyaniline (PANI/ Fe0) 

composite nano-fibers additive for CIPs/mineral oil based MRFs and dispersed in 

mineral oil. The results showed that the sedimentation rate reduced while the MR 

properties were enhanced with the addition of additives. Fig.2.9 shows the shear 

stress, shear viscosity, and sedimentation profile curves. They observed that the 

addition of Fe0- PANI nano-clay additives without much change in the MR effect 

improved the stability of the MRFs. 

Fig 2.9 (a) shear stress (b) shear viscosity versus shear rate (c) Sedimentation profile 

PANI/ Fe0  based MRFs 

The incorporation of additives into MRFs is a well-known method of improving MRF 

performance and stability. This method is simple effective, and it does not require any 

special or toxic chemicals, which appears to be beneficial from an environmental 

standpoint. Because of their large surface areas and nano-scaled dimensions, they 

have triggered a lot of interest in nanotechnology. Table 2.2 provides a list of the 

additives and their intended use. 
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Table 2.2 Summary of various additives in MRFs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sl 

no 

 

 

Carrier 

fluid 

Particle 

type 

(size μm) 

Type and 

% 

of additive 

 

Sedimentation 

time and sedimentation 

ratio. 

Rheological studies details 

Shear 

stress 

(Pa) 

Shear 

viscosit

y 

(Pa.s) 

Magnetic 

field 

strength 

kA/m 

Reference 

1 
Mineral 

oil 

CIPs 

4.65μm 

(70 wt.%) 

Attapulgite 

0.1 wt.% 

0 to 500 minutes 

CIPs based MRF- 50%, 

CIPs/ATP mixture MRF- 40 

% 

100-104 

 
101-105 0-343  

(Piao et al. 

2015) 

2 

silicone 

oil 

 

CIPs 

4.25 μm, 

(70 wt.%) 

Halloysite 

1.0 wt.% 

0 to 6 hours 

CIPs based MRF- 80%, 

CIPs/Halloysite MRF- 61 % 

101-104 102-105 0-342  
 Liu et al. 

2013 

4 
Mineral 

oil 

CIPs 

7 μm 

(70 wt.%) 

Sepiolite 

0. 1 wt% 

0 to 300 minutes 

CIPs based MRF- 70%, 

CIPs/Halloysite MRF- 68 % 

10-1-104 101-106 0-343  
(Plachý et al. 

2019) 

7 

Mineral 

oil 

 

CIPs 

4.5–5.2 µm 

(80wt.%) 

Fumed 

silica 

3wt% 

0 to 800 hours 

CIPs based MRFs-75% 

CIPs/Fumed silica MRFs-

99% 

101-104 102-105 0-185  
(Lim et al. 

2004) 

8 

Mineral 

oil 

 

CIPs 

4.5–5.2 µm 

(70 wt%) 

 

Microcrysta

lline 

cellulose 

(0.1 wt%) 

0 to 400 minutes 

CIPs based MRFs-80% 

CIPs/MC mixtures-78% 

100-104 101-105 
0-343 

 

(Choi et al. 

2017) 

9 

lubricant 

oil 

 

CIPs 

4.25 µm 

(25 wt.%) 

 

Organoclay 

(0.5-3.0 

wt.%) 

0 to 300 hours 

CIPs based MRFs-20% 

CIPs/ 3wt%. Organoclay-

90% 

102-104 102-104 0-343  
(Hato et al. 

2011) 



32 

 

2.2.2 Surface modification of magnetic particles 

While CIPs have been widely used as MRFs, researchers have concentrated on the problems 

of dispersed magnetic particles for industrial applications with improved dispersion stability 

and re-dispersibility. It has been observed that, in comparison to the ease of use of solid 

additives, the surface modification of particles is the most commonly used method used to 

reduce sedimentation. One of the criteria that will improve the sedimentation stability of 

MRFs is particle density, which can be reduced by coating with polymers. Therefore, several 

techniques for improving MRFs sedimentation properties were applied such as Pickering 

emulsion polymerization (Kim et al. 2013), surface-initiated atom transfer radical 

polymerization, (Cvek et al. 2015) and in situ dispersion polymerization (Fang et al. 2010), 

and solvent casting methods (Fang et al. 2012). The polymer encapsulation method of the 

magnetic particles has been regarded as one of the popular techniques, because it can reduce 

the particle density and improve the chemical resistance of magnetic particles.  

 

 

 

 

 

 

 

 

 

Fig.2.10 Synthesis mechanism of (a) PGMA-coated CI particle (Ahn et al. 2015) (b) 

encapsulation process of CI/ PMMA particles (Park et al.2009). 

Fig.2.10(a) shows a schematic of the synthesis of the CI/PGMA particles using a dispersion 

polymerization method. Ethylene glycol dimethacrylate (EGDMA) was a introduced as a 

grafting agent which improved the affinity of PGMA to the surface of the CI particles (Ahn et 

al. 2015) Fig.2.10(b) shows the magnetic hybrid composite microsphere that was synthesized 

via a dispersion polymerization in the presence of CI, in which the PMMA was cross-linked 
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using ethylene glycol dimethacrylate during polymerization for  enhancement in both 

chemical resistance and surface hardness (Park et al. 2009). 

 

 

Fig.2.11 Synthesis mechanism of (a) CI/ZnO particles (Machovsky et al., 2014) (b) CI/PANI 

particles (Kim et al. 2008) 

Fig.2.11 (a) shows the synthesis of seeding of CI particles with ZnO nanocrystal and used as 

a dispersed phase for MRFs preparation. Fig.2.11(b) presents the synthesis done via a 

chemical grafting method using dopamine hydrochloride as the grafting agent.The CI 

particles were initially modified using dopamine as a chemical grafting agent to strengthen 

the affinity between PANI and the CI particles.  

Nguyen et al. (2014a) synthesised chemically stable core-shell structured silica coated on 

carbonyl iron (CI) microspheres and applied the MRFs for a specially designed small-sized 

MR brake. The results showed that except for the settling time, the response times were faster 

than those of the pristine CI-based MR fluid.  

Cvek et al. (2015)  prepared two different MR suspensions (20 vol.%) based on both the pure 

CI and CI/PGMA particles dispersion in silicone oil. Moreover, the density of the PGMA-

coated particles was reduced to 6.96 g/cm3, which is about 10 wt.% decrease, compared to 

7.68 g/cm3 of pure CIPs. As a result decrease in the sedimentation rate was observed. 

Fig.2.12(a) shows the shear stress increased with the increasing applied magnetic field 

strength. At each magnetic field strength, the shear stress exhibited a wide plateau range for 

all shear rates. Fig.2.12(b) shows the lower magnetic moment (Pure CIPs: 175 emu/g; 

CI/PGMA: 85 emu/g), due to the non-magnetic coating by cross-linked PGMA. Fig.2.12(c) 
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shows that the sedimentation rate of CI/PGMA was observed to be slower than that of the 

pure CI particles after 100 min.  

Fig.2.12 Shear stress (b) magnetization curves (c) sedimentation curve of CIPs/PGMA MRFs  

 

Fang et al. (2007) added single-walled carbon nanotube (SWNT) to a suspension of carbonyl 

iron CIPs particles in lubricant oil. It was shown that adding SWNT could improve both MRF 

stability and the MR effect. This behaviour was attributed to more robust chain-like structure 

of the SWNT-containing MRF in the presence of a magnetic field. Fig.2.13(a) shows that 

shear stress increases with an increase in the magnetic field strength. Fig.2.13(b) shows the 

magnetization of C-MWNT MRFs is slightly reduced. Fig.2.13(c) shows the stability of C-

MWNT MRFs of about 10% for 20 Hours. 

Fig.2.13 Shear stress v/s shear rate (b) hysteresis curve (c) sedimentation curve of 

CIPs/MWCNT based MRFs  

Moon et al. (2016) discussed the polyaniline-coated magnetic carbonyl iron using the 

dispersion polymerization method. The coated particles and pure CIPs were dispersed in 

silicone oil with a sample concentration of 20 vol.%. The rheological properties showed that 

the non-Newtonian fluid and sedimentation rate was considerably improved for the coated 

MRFs.  

Quan et al.,( 2013) prepared the two kinds of MRFs based on pure CI and PS-coated CI 

particles. Each of the two systems was dispersed in the silicone oil with the same particle 

volume fraction of 20 v/v%. Fig.2.14 (b) shows the saturation magnetization of CI and PS-
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coated to be 250 and 240 emu/g, respectively. A slight decrease of magnetic property for the 

coated particles was observed. Fig.2.14 (a) shows the shear stress versus shear rate, without 

the magnetic fields and the two suspensions show typical Newtonian behaviours. When the 

external magnetic field was present, the two systems exhibited Bingham fluid behaviour. Fig 

2.14(c) indicates that the PS-coated CI was more stable than the CI suspension. 

 

 

Fig.2.14 Shear stress versus shear rate (b) magnetization versus applied magnetic field (c) 

sedimentation curve (Quan et al.2013) of PS and CI/PS MRFs 

 

Mrlík et al., (2013) prepared the CIPs coated with a low-density substance, cholesteryl 

chloroformate dispersed in silicone oil for improving the sedimentation and thermal oxidation 

stability of MRFs. The CI-cholesteryl particles showed slightly lower magnetization 

saturation in comparison with the bare ones due to a compact layer of cholesteryl groups on 

the surface shown in Fig.2.15b. The sedimentation ratio after 30 h was about 0.55 for 

modified CI particles with a compact layer of cholesteryl groups. As is apparent from Fig. 

2.15, both suspensions exhibited Newtonian behavior in absence of magnetic field was 

applied. A list of the polymer coating material used are shown in Table 2.3   

 

Fig.2.15 (a) Shear stress versus shear rate (b) magnetization versus magnetic field (c) 

sedimentation (Mrlík et al., 2013)

https://www.sciencedirect.com/topics/physics-and-astronomy/saturation-magnetization
https://www.sciencedirect.com/topics/physics-and-astronomy/saturation-magnetization
https://www.sciencedirect.com/topics/chemistry/newtonian-behaviour
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Table 2.3 Summary of coatings added into the MRFs 

Sl 

no 

 

Carrier 

fluid 

Particle 

 

size (μm) and 

volume 

fraction 

Type of coating 

used 

 

Sedimentation 

time and ratio. 

Rheological studies details 

Shear 

stress 

(Pa) 

Shear 

viscosit

y 

(Pa.s) 

Magnetic 

field 

strength 

References 

1 
Silicone 

oil 

CIPs 4.25μm 

35 vol%. 
MWCNT 

0 to  20 hours 

CIPs based MRF- 50% 

C-MWCNT CIPs MRF-10% 

100-104 Na 
0-343 

kA/m 

(Fang et al. 

2012) 

3 
Silicone 

oil 

CIPs 

(ES grade) 

40 wt.% 

cholesteryl 

chloroformate 

0 to 30 hours 

Bare CIPs MRF-35% 

CIPs- cholesteryl 

chloroformate  MRF-60% 

10-1-103 Na 
0 to 268 

mT 

(Mrlik et al. 

 2014) 

5 
Silicone 

oil 

CIPs 

 

poly(butyl 

acrylate)(PBA) 

shell 

0 to 60 Hours 

Bare CIPs MRF-80% 

CI-PBA MRF-10% 

100-104 100-104 0-287mT 
(Mrlik et 

al.2016) 

6 
Silicone 

oil 

CIPs 

3.5 μm 

80 wt.% 

Polyaniline (PANI) 

0 to 200 Hours 

Bare CIPs MRFs-50% 

CIPs/PANI MRFs-95% 

102-104 101-104 0-0.3 T 
(Moon et al. 

2016 ) 

7 
Silicone 

oil 
CIPs 

Poly(glycidyl 

methacrylate) 

(PGMA) 

0 to 700 minute 

Pure CIPs MRFs-50% 

CI/PGMA MRFs-25% 

10-1-103 101-105 
0-343  

kA/m 

(Kim et al. 

2014 

9 
Silicone 

oil 

CIPs 

40 wt% . 
urchin-like ZnO 

0 to 30 hrs 

Bare CIPs-30% 

ZnO/CI urchin-like MRFs-55% 

10-1-103 Na 0-272mT 
(Machovsky 

et al. 2014) 
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2.2.3 Nanoparticles magnetic additives into the MRF systems  

 Nonmagnetic materials, on the other hand, improve the sedimentation problem while decreasing 

the MR effect. As a result, the use of a magnetic nanoparticle additive system is regarded as an 

effective method of improving both dispersion stability and MR behaviour (Jang et al. 2015). 

The presence of micro-sized magnetic particles is responsible for the strong MR response under 

an external magnetic field. Fig.2.16(a) shows the absence of an external magnetic field, the 

addition of magnetic nano-particles will improve the kinetic stability of the system. Fig.2.16 (b) 

represents the schematic mechanism of the movement of carbonyl iron and magnetic additives in 

lubricant oil. The CI and magnetic nanoparticles are oriented in the magnetic field direction 

forming a chain structure under an applied magnetic field. This combination forms more regular 

chains of particles in the magnetic suspension fluid and increases the yield stress and 

sedimentation rate considerably. 

 

 

 

Fig.2.16 MR effect (a) absences of magnetic field (b) presence of magnetic field (Kim et al. 

2016) 

Jang et al. (2015) discussed experimental suspensions of pristine CI (70 wt.%) and MR fluids 

with different concentrations of the CI/γ-Fe2O3 mixture (0.5, 1, 1.5, and 2 wt.%) were added in 

silicone oil. The sedimentation rate decrease due to the gap-filling of γ-Fe2O3 between the 

micron C particles. All fluids show  Bingham fluid behaviour under an applied external magnetic 

field, demonstrating that the MR performance is strongly influenced by the additives.  

 Kim et al. (2017) introduced  the hard magnetic chromium dioxide nanoparticles with a rod-like 

shape which as an additive to a carbonyl iron (CI)-based (MR) fluid. Compared to the CI-based 

MRFs without chromium dioxide nanoparticles, the MR fluid with the chromium dioxide 

additive exhibited remarkably higher yield stress, shear stress behaviour with increasing 
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magnetic field strength, enhancing its MR performance and dispersion stability as shown in 

Fig.2.17(a),(b) and (c) 

Fig.2.17 (a) Shear stress versus shear rate (b) dynamic yield stress versus magnetic field(c) 

sedimentation curve of CI/Cro2 based MRFs 

Han and Choi (2018) compared the MR performance of  ferrites, non-stoichiometric zinc-doped 

spinel ferrite (Zn0.417Fe2.583O4) nanoparticles with a high saturation magnetization value and a 

truncated octahedron like shape were synthesized using a simple thermal decomposition process 

with benefits of mono-disperse and high crystallinity. Fig.2.18(a)  shows the flow curves of shear 

stress increase with magnetic field strength and exhibit a non-Newtonian behaviour in the 

presence of a magnetic field.  Fig.2.18(b) shows that the Ms values for CI, ZnxFe3-xO4, and the 

CI/ZnxFe3-xO4 mixture are 184.6, 105.8, and 197.3 A∙m2/kg at 770 kA/m, respectively. The 

addition of 0.5 wt.% Zn-doped ferrite (ZnxFe3-xO4) to the MR fluid enhanced not only the MR 

performance but also sedimentation stability, as confirmed by Turbiscan shown in Fig.2.18(c). 

 

 

 

 

Fig 2.18 (a) Shear stress versus shear rate (b) magnetization curve (c) sedimentation curve of 

CI/ZnxFe3-xO4 based MRFs 

https://www.sciencedirect.com/topics/chemistry/non-newtonian-behaviour
https://www.sciencedirect.com/science/article/pii/S0927775719302857#fig0015
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Hajalilou et al. (2016) synthesized the Ni-Zn ferrite nanoparticles that via a thermo-mechanical 

alloying route and used it as additive for micron-sized CI-based MRFs. This study indicated that 

Ni-Zn ferrite nanoparticles fill the micron-sized CI particles cavities and are orientated in the 

direction of the applied field and consequently make a strengthened structure with improved 

properties. 

Liu et al. (2015) studied the sedimentation stability of CIPs based MRF with strontium 

hexaferrite (SrFe12O19) nanoparticles as additive. The results indicated that the stability of MRFs 

improved remarkably by adding SrFe12O19 nanoparticles and the sedimentation ratio was only 88 

% in 20 days when the content of the nanoparticles added 10 wt.%. Also, the rheological 

properties of MRF could be predicted well using the improved H–B model. 

Dong et al. (2018) discussed about the CI MR fluid which was prepared by dispersing 50 wt.% 

of CI particles in silicone oil, and the CI/CoFe2O4 MR fluid was prepared by adding 0.1 wt.% of 

CoFe2O4 nanoparticles to the CI MR fluid. Fig. 2.19(a) shows the CI/CoFe2O4 MR fluid showed 

a higher shear stress value than the CI MR fluid at each magnetic field strength, indicating that 

the CoFe2O4 additive played an active role in the MR response. Fig.2.19(b)shows the 

magnetization as a function of magnetic field strength, demonstrating a saturation magnetization 

(Ms) of about 200 emu/g, 175 emu/g, and 74.4 emu/g for CI/CoFe2O4 mixture, pure CI, and 

CoFe2O4 particles, respectively Furthermore, CI/CoFe2O4 mixture MRFs results showed that the 

sedimentation ratio after 1400 min had improved by about 78%. The summary of various types 

of Nano-particles additive added MRF are discussed in Table 2.4 

  

 

Fig.2.19(a)Shear stress flow curve (b) hysteresis loop (c)sedimentation curve of CI/CoFe2O4 

MRF
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Table 2.4 Summary of nanoparticles additives added into the MRFs systems 

Sl 

no 

 

Carrier 

fluid 

Particle 

type 

(size μm) 

Type and 

% 

of additive 

 

 

Sedimentation/Transmission 

Time and ratio. 

Rheological studies details 

Shear 

stress 

(Pa) 

Shear 

viscosity 

(Pa.s) 

Magnetic 

field 

strength 

Reference 

1 
silicone 

oil 

CIPs 

4 μm 

(50 wt.%) 

CoFe2O4 

0.1 wt.% 

0 to 1400 minutes 

CIPs based MRF- 82%, 

CIPs/ CoFe2O4MRF- 50 % 

10-2-104 100-105 
0-342 

kA/m 

(Dong, Piao et al. 

2018) 

2 
Silicone 

oil 

CIPs 

4 μm 

(50 wt. %) 

CrO2 

(0.5 wt. %) 

0 to 200 minutes 

CIPs based MRF- 80%, 

CIPs/ CoFe2O4MRF- 60 % 

100-104 101-105 
0-342 

kA/m 

(Hajalilou et al. 

2018) 

3 
Silicone 

oil 

CIPs 

4-μm 

30 wt% 

Ni0.5Zn0.5Fe2O4 + 

Fe3O4 

1 wt% 

0 to 600 minutes 

CIPs based MRF- 40%, 

CIPs +Ni0.5Zn0.5Fe2O4 + 

Fe3O4=70% 

10-1-107 10-1-108 

0 to 

558.18kA/

m 

(Park et al. 2001 ) 

4 
Silicone 

oil 

CIPs 

7 μm 

(70 wt%) 

γ-Fe2O3 particles 

(0.5, 1, 1.5, and 2 

wt%) 

0 to 400 minutes 

CIPs based MRFs-80% 

CIPs+ γ-Fe2O3 2wt%.-70% 

101-104 100-105 
0-343 

kA/m 

(Mazlan et al. 

2016) 

5 

Poly-

alpha-

olefin 

(PAO) oil 

CIPs 

(63.5vol.%) 

ZnFe2O4 

nanoparticles 

1 vol.% 

0 to 7500 Minutes 

Pure CIPs MRF- 40% 

CIPs/ ZnFe2O4 MRF-70% 

101-103 101-104 
0 to 500 

mT 

(Hajalilou et 

al.,2018) 

6 
Silicone 

oil 

CI Particles 

(2-4 μm) 

(50 wt%) 

ZnxFe3-xO4 

(0.5 wt%) 

0 to 24 Hours 

CIPs MRF-80% 

CI/ ZnxFe3-xO4 MRF-60% 

101-104 101-105 
0 to 343 

kA/m 

(Han et al. 2016) 
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2.2.4 Ferrite based MRFs 

Conventionally, a high yield strength value can be expected from the MRFs containing 

metallic magnetic (Fe, Co, Ni or their alloys) particles having high saturation magnetization 

(Anupama et al. 2018). However, MRFs containing these metallic particles suffer from poor 

dispersion stability and extreme difficulty of re-dispersibility. The merit of ferrite particles 

used in preparing MRFs is that the ferrite particles settle down slower than the CIPs due to 

their much lower density (4–5 g/cm3) and sufficient magnetic behaviour in MRFs (Nugroho 

et al. 2020). 

Guangshuo Wang et al., (2017) discussed two different MR fluids prepared by dispersing the 

CI particles and the CaFe2O4 nanocrystals clusters in silicone oil. The particle weight fraction 

of each MR fluid was 25%. As shown in Fig. 2.20(a), without an external magnetic field, the 

MR fluid exhibits typical Newtonian behaviour. The lower shear stress for CaFe2O4 

nanocrystal is due to the low saturation magnetization (65.7 emu/g) as shown in Fig. 2.20(b). 

Fig 2.20(c) shows the sedimentation ratio of CaFe2O4-based MR fluid to be about 78% in 

15 days, suggesting that the dispersion stability of CaFe2O4-based MR fluid was superior to 

that of CI-based suspension (63%). 

Fig.2.20 (a) Shear stress versus shear rate (b) magnetization versus magnetic field applied 

and (c) sedimentation curve for CaFe2O4 nanocrystal MRFs (Guangshuo Wang et al., 2017) 

 

Wang et al. (2016) synthesised the magnesium ferrite (MgFe2O4) nanocrystal clusters using 

an ascorbic acid assistant solvothermal method and used for the preparation of MRFs. The 

MgFe2O4 nanocrystal clusters-based MRFs demonstrated enhanced sedimentation stability 

compared to the CIPs based MRFs. The values of dynamic yield stress increase with the 

magnetic field strength and form a robust columnar-like structure between the particles.  

Anupama et al. (2019) discussed about the soft-magnetic Mn0.7Zn0.3Fe2O4 powder particles 

containing 40 wt. % of these particles which were prepared using thin silicone oil as a carrier 

https://www.sciencedirect.com/science/article/pii/S0032591017307209#f0030
https://www.sciencedirect.com/topics/chemistry/sedimentation
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medium. The result shows that an increase in the yield stress increases with an increase in the 

magnetic field strength (y=0.5 kPa at B = 1.2 T) . Also, the thermal, oxidative, and chemical 

stability of these ferrite particles are advantageous for their application in corrosive and high-

temperature environments.  

Wang et al. (2016) investigated the porous MnFe2O4 nano-flakes which were synthesized by 

a facile one-step solvothermal method, and the obtained products were employed as new 

magnetic. Fig.2.21(a) shows that the shear stress increases with an increase in magnetic field 

strength. Fig.2.21(b)  shows the value of saturation magnetization (Ms) for the MnFe2O4 

nanoflakes which is about 58.8 Am2 /kg, which is sufficient for generating sufficient yield 

stress. Fig.2.21(c) shows that the MnFe2O4 based MRFs demonstrated enhanced 

sedimentation stability in 15 days. 

Fig.2.21 (a) Shear stress flow curve different magnetic field strengths (b) Hysteresis curve (c) 

sedimentation curve of CI/MnFe204 based MRFs 

Anupama et al., (2018) showed about the magnetically soft nickel-zinc ferrite 

(Ni0.5Zn0.5Fe2O4) powder with high saturation magnetization synthesized by solution 

combustion route using metal nitrates as precursors and glycine as fuel. The particles were 

found to have irregular morphology. Three different concentrations of MRFs were prepared 

by dispersing 10, 20, and 40 wt. % of these particles in thin silicone oil. The behaviour of the 

MRFs were studied under steady shear conditions at different applied magnetic field 

strengths (B). The  list of additives used in the ferrite particles is shown in Table.2.5. 
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Table 2.5 Summary of ferrite particles used in preparing MRFs 

Sl 

no 

 

Carrier 

fluid 

Particle 

type 

(size μm) 

 

Sedimentation/Transmission 

time and ratio. 

Rheological studies details 

Shear 

stress 

(Pa) 

Shear 

viscosity 

(Pa.s) 

Magnetic 

field 

strength 

Model used 

1 Silicone oil MnFe2O4/GO 

0 to 15 days 

CIPs based MRFs- 62% 

MnFe2O4/GO based MRF- 85% 

0-6000 Na 
0 to 250 

kA/m 
( Zeng et al.2020) 

7 silicone oil.  
Li–Zn ferrite 

(Li0.4Zn0.2Fe2.4O4) 
Na 10-1 to 103 10-1 to 105 0 to1.2T (Anupama et al. 2018 ) 

4 Silicone oil 
calcium ferrite (CaFe2O4) 

nanocrystal clusters 

0 to 14 days 

CIPs MRF-60% 

CaFe2O4 MRF-80% 

 

0 to 700 

Pa 

0 to 200 

Pa.s 

0 to 250 

kA/m 
(Wang et al. 2017) 

5 
silicone oil 

 
Mn0.7Zn0.3Fe2O4 Na 10-1 to 103 10-1 to 105 

0 to 1200 

mT 
(Anupama et al. 2019 ) 

2 Silicon oil MgFe2O4 

0 to 14 days 

CIPs based MRFs-65% 

MgFe2O4 MRFs-83% 

0 to 500 

Pa 

0 to 180 

Pa 

0 to 250 

kA/m 

(Ma et al. 2017) 

3 Silicone oil 
MnFe2O4 

30 wt%. 

0 to 15 days 

CI particles MRFs-62% 

MnFe2O4 MRFs-85% 

1 to 1000 

Pa 
Na 

0 to 250 

kA/m 

(Baek et al. 2021) 
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2.2.5 Different types of surfactants in MRF systems 

Surfactants can be used to avoid particle aggregation by enhancing steric repulsion among the 

particles. Surfactants reduce the interfacial tension at the iron/oil surface and increase 

wettability. Surfactants can improve the polarity of the carbonyl iron surface and make it 

more compatible with the carrier fluid. The surface coating of carbonyl iron with surfactants 

is therefore one of the common ways to strengthen the stability of sedimentation. Many 

researchers have used a variety of solutions to solve this problem. 

Yang et al. (2016) discussed the role of oleic acid, dimer acid hydrophobic, hydrophilic 

interactions and the effect of surfactants on MRFs. MRFs were prepared with 20 vol.% 

modified carbonyl iron using high-speed mechanical ball milling followed by sonication. The 

off-state viscosity of MRFs showed non-Newtonian behaviour due to high-volume fraction 

and remnant magnetization of CIPs. The CI/dimer acid-based MRFs showed enhanced 

settling ratio than the bare CIPs MRFs in a long sedimentation time (i.e. 0.71% for 30 days) 

duration.   

Fei et al. (2015) prepared solid loading of 70 wt. % of CIPs in MRFs by using the two typical 

surfactants including polyethylene glycol and oleic acid which has Hydrophilic-Lipophilic 

Balance (HLB) parameters. The sedimentation stability (8.8%) of lipophilic surfactants were 

superior to the hydrophilic surfactants (12.15%) added MRFs. The shear stress values showed 

was values of 40.78 kPa and 39.97 kPa, (HLB) respectively for a magnetic field of 0.6 Tesla 

Du et al. (2010) studied the effect of four surfactants such as oleic acid; sodium dodecyl 

benzene sulfonate, OP4 emulsifier, and Tween 80. The high-performance MRFs were 

prepared by CIPs particles dispersed in silicone oil along with different concentrations of 

surfactants compounding. The result showed that the oleic acid and SDBS compounding 

treated MRF possesses higher sedimentation stability (17% up to 14 days) and smaller zero-

field viscosity (0.464Pa.s).  

Lijesh et al. (2016) prepared nine MRFs samples using three types of surfactants (oleic acid, 

citric acid, and tetramethylammonium hydroxide) and three different carrier fluids (water, 

silicone oil, and DTE light mineral oil) along with CIPs. Minimum shear stress and highest 

settling values were obtained for DTE oil with a surfactant of 10% weight of CIPs. Also, the 

dispersibility of the MRFs was enhanced by adding the surfactants. 
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Yang et al. (2017) prepared the MRF which contained carbonyl iron particles mixed in 

mineral oil with 12-hydroxy stearic acid (12-HSA) surfactant.  It was interesting to note they 

that the addition of 12-HSA caused high shear stress with non-Newtonian behaviour and also 

increased with increasing concentration of 12-HSA. The concentration of 2g/HSA MRF 

formed a longer gel network formation where longer, provides strong flocculation in 

the suspension and improved stability. 

Ashtiani et al. (2015) studied the stable MRFs with promising MR effect. Four hydrophobic 

acids such as (Lauric acid, Myristic acid, Palmitic acid, and Stearic acid)  with the same 

functional group but different numbers of carbon atoms were added to the suspension of 

62 wt.% CI particles and silicone oil. The surfactant added MRFs yield stress and stability 

increased up to 22 times (at H = 362 kA/m) and 7 times, respectively, in comparison to the 

surfactant-free MRF it observed that 3 wt.% of stearic acid improved stability and MR effect. 

Another study was conducted by the same research group (Rabbani et al., 2015) on the effect 

of adding two hydrophobic (stearic and palmitic) acids on the stability and MR effect of a 

suspension of 60 wt. % CIPs in silicone oil was studied. The results showed that adding 3 wt. 

% of stearic acid to the MR fluid resulted in relatively low off-state viscosity, high yield 

stress, and 92% stability enhancement of the suspension even over a period of one month.  

Cheng et al., (2021) discussed about oleic acid, isopropyl tri(dioctylpyrophosphate) titanate 

and sodium stearate which were used as compound surfactants to modify carbonyl iron 

powder. MRF consisted of 25 vol.% of CIP particles and 75 vol.% of mineral oil mixed at 

2300 RPM for 2 h. Fig.2.22(a).(b).(c) shows the MRFs sample shear stress values of about 20 

kPa and sedimentation stability was considerably reduced. The modified surfactant 

compounding CIPs show lower saturation magnetization values compared to pure CIPs. 

Table 2.6 shows the summary of various surfactants used in MR suspensions.     

 

Fig.2.22 Shear stress curves (b) Hysteresis curve (c) sedimentation of CIPs and MCIPs MRFs 
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Table 2.6 Summary of various surfactants are added into the MR suspension

Sl 

no 

 

Carrier 

Fluid 

Particle 

type 

(size μm) 

Type and 

% 

of surfactants 

 

 

Sedimentation/Transmiss

ion 

time and ratio. 

Rheological studies details 

Shear 

stress 

(Pa) 

Shear 

viscosity 

(Pa.s) 

Magnetic 

field strength 
Reference 

1 silicone oil 
CIPs 

5.35 μm 

Dimer acid 

Oleic acid 
Na 

0 to 80 

Kpa 

1 to 1000 

Pa 
0.2 to 1 Tesla 

(Yang et al. 

2016) 

2 Mineral oil 
CIPs 

4–5μm 

12-hydroxy stearic 

acid 

0 to 600 min 

An/A0 

0 gm/l- 0.3% 

1gm/l- 1.5% 

2 gm/l-1% 

100-104 101-105 
0.03 T to 

0.71 T 

(Yang et al. 

2017) 

4 Silicone oil 

Carbonyl 

iron 

particles 

Stearic acid 

0 to 1000 hours 

CIPs based  MRF-60% 

CIPs/stearic acid MRF-

20% 

0 to 

14000 Pa 

0 to 

25000 Pa 

 

0 to 8000 

Pa.s 

0 to 

20000 

Pa.s 

0 to 1.5 kA/m 
(Rabbani, et 

al. 2015) 

5 Mineral oil CIPs 
oleic acid/ sodium 

stearate 
0 to 60 days 

0 to 20 

kPa 

0 to 

750Pa.s 

0 to 391 

kA/m 

(Cheng et al. 

2021) 

6 silicone oil. CIPs 
OA and anhydrous 

alcohol 

0 to 150  hours 

self-made-55% 

commercial MRF-58% 

Na Na Na 
(Zhang, et al. 

2020) 
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2.2.6 Different types of bi-dispersed magnetic particles with irregular shapes  

The shape and size of the magnetic particles have a significant impact on the stability of 

MRFs. Because of the larger surface area and higher frictional force induced between the 

particles, sedimentation was lower in the case of plate-like particles. Nonetheless, smaller 

Nano-sized magnetic particles, which are easier to disperse, have low magnetic saturation and 

yield stress of about 5 kPa. Bidisperse MRFs are produced by partially replacing micrometer-

scale Fe particles with nanometer-scale Fe particles. 

Wereley et al. (2006) discussed the bi-dispersed MRFs containing Fe particles at micron and 

Nanometer-scale with a solid loading of 60 wt.%. An important finding was that addition of 

nanoparticles reduced the sedimentation rate. The Bingham fluid model was fitted to observe 

the dynamic yield stress value of 10.25 kPa for the micron level-based MRF, while the bi-

dispersed Fe particles-based MRFs caused an increase in the yield stress to 12 kPa. 

Jiang et al. (2011) prepared the dimorphic MRFs with 60 wt.% CIPs by adding different 

weight ratios of wire-like nanostructures. The dynamic yield stress values varied between the 

5 to 25 kPa with the magnetic flux density varied between the 0 to 0.5 Tesla. The shear stress 

and the dynamic yield stress markedly increased with the increase in magnetic field strength. 

Fig.2.22(a),(b), and (c) shows the typical magnetization, yield stress, and sedimentation 

values. 

   

 

 

 

 

Fig.2.22 (a) Yield stress  (b) magnetization curve (c) Sedimentation of CIPs dimorphic MRFs 

Shah et al. (2014) focused on the preparation of bi-dispersed MRFs using the plate-like small 

particles (2 µm) and large iron particles (19 µm), and tested in damper against sedimentation 

for 48 Hours. The  yield stress reached 32 kPa, when the magnetic field applied of was about 

255kA/m. The fabricated damper showed a damping force of 5 to 30 N without changing any 

transient behaviour and dynamic motion after left for 2 days in the MR damper.  
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Lee et al. (2019) discussed the two types of MRFs prepared by dispersing each of the 

different shaped CIPs at 50 wt.% in silicone oil. However, rheological properties of shear 

stress, shear viscosity, and storage modulus of the (CI-F) MRF surpassed those of the (CI-S) 

under applied magnetic field. The CI-F MRF also demonstrated superior sedimentation 

stability compared with the CI-S. The saturation magnetization of the flake-shaped (CI-F) 

obtained to be slightly lower than that of spherical-shaped (CI-S) as shown in Fig.2.23(b).  

This was due to the large surface area, suggesting that the anisotropy of CIPs plays an 

important role in their MR performance. 

Fig.2.23 (a) Flow curves shear stress curves (b) Hysteresis curve (c) sedimentation of plate 

and sphere particles based MRFs 

Ngatu et al. (2008) discussed about the partial substitution of the micron-sized iron particles 

with rod-shaped nanowires which constitutes a dimorphic MR fluid. A variety of 

conventional and dimorphic MR fluid samples were considered for this study with iron 

loading ranging from 50 to 80 wt.%. These substitutions significantly reduced the rate of 

particle settling, enabling the MR fluid to maintain a uniform dispersion without marked 

sedimentation for an extended period. 

Xia et al. (2017) synthesized the novel nickel nanowires (NiNWs) and nickel nanospheres 

(NiNSs) were used as MRFs material. The effect of these two types of MRFs  was compared. 

Moreover, MRF containing NiNWs possessed shear stress 15 times as strong as the one with 

the same volume of NiNSs, even though the saturation magnetization of NiNWs was smaller 

than NiNSs. Furthermore, MRF with a higher fraction of NiNWs had a more stable 

suspension, and NiNWs dispersed much better than NiNSs with the same volume fraction. 

Table 2.7 shows the list of magnetic particles with irregular shapes of MRFs 
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Table 2.7 Summary of types of magnetic particles with irregular shapes in the MR suspensions 

Sl 

No 

 

Title of paper/fluid properties/Ref 

Yield stress (kPa) 

magnetic field 

strength kA/m 

Sedimentation/ 

 (%) 

 

 

Solid 

fraction/magnetic 

particle type 

Carrier 

fluid 

 

Types 

of stabilizers 

2 

The influence of particle size on the 

rheological properties of plate-like iron 

particle based MRF (Shah and Choi 2015) 

36.16 kPa 

(200 kA/m) 

0.8 %/day 

16 vol.% 

Plate like iron 

particles 

Heavy 

paraffin 

oil 

Bi disperse particles 

large size 19 μm and 

small size (2 μm) 

3 

Iron nanoparticles-based MR fluids: A 

balance between MR effect and sedimentation 

stability (Zhu et al. 2019) 

0 to 4 kPa 

0 to 234 mT 

0.6%  for 8 days 

40 vol.% of 

Iron nano particles 

silicone 

oil 

Na 

4 

Preparation of spherical and cubic Fe55Co45 

microstructures for studying the role of 

particle morphology in MR suspensions(Arief 

and Mukhopadhyay 2014) 

0 to 1.2 Tesla 
0.65% for 36 

hours 

Fe55Co45 particles 

8 vol.% MR fluids 

silicone oil 

Na-citrate 

Na-acetate/PEG 

5 

Hierarchically Structured Fe3O4 Nanoparticles 

for High-Performance MRFs with Long-Term 

Stability (Choi et al. 2020) 

100 to 104 

0  to 343 kA/m 

40% for 1 Week 10 vol. % silicone oil Na 

7 
Properties of cobalt nanofiber-based 

magnetorheological fluids  (Dong et al. 2015) 

0 to 40 kPa 

0 to 250 kA/m 

0 to 15 days 

Co nano-fibers 

based 

12 vol.% 

Silicon oil Na 
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2.2.7 High-density carrier fluid in MRFs.  

The function of MRF carrier fluid is to provide an environment where magnetic 

particles are uniformly dispersed. Low viscosity and excellent physico-chemical 

stability in absence of magnetic fields are required for carrier fluid selection. 

Viscosity is one of the most important characteristics of the continuous phase in 

MRFs. For the highest MRF effect, the viscosity of the fluid should be small and 

almost independent of temperature. The carrier liquid is the major constituent 

approximately 50-80 percent by volume used in MR fluids. But the increasing zero-

field viscosity would result in increase in on-off response time, as a result the 

application field would be restricted. Ionic is also an interesting carrier fluid because, 

unlike conventional ones, the properties of ionic liquids can be tuned by varying the 

composition of their ion Gómez-Ramírez et al. (2012). Furthermore, ILs are 

considered to be very stable and environmentally friendly compounds owing to their 

negligible vapor pressure, negligible flammability, and liquid state in a broad 

temperature range.  

Recently, it was demonstrated that the use of magnetite ferrofluid as carrier media is 

an effective way of reducing the sedimentation of micron-sized particles of an MRF. 

In a successful research, (Patel 2011) studied the mechanism of chain formation in 

nano fluid-based MRFs. To obtain the stable ferrofluid magnetite particles coated 

with oleic acid and dispersed in kerosene. Fig.2.22(a) shows the mechanism of chain 

formation in the conventional MRFs and bi-dispersed, nano-particles which filled the 

microcavities between the large particles. Their findings showed that the ferrofluid-

based MRFs to be more stable than the conventional MRFs.  

Marinicə et al. (2016) used the carbonyl iron powder, with saturation magnetization of 

(Ms=210A.m2/kg) in a highly concentrated transformer oil-based ferrofluid with 

magnetite volume fraction (FeO=20%), and saturation magnetization of the MRF of 

Ms=74 kA/m). A collection of 12 composite magnetic fluids with Fe particle volume 

fractions differing in a large interval was prepared. There were no more additives 

used. The magnetization of Composite Magnetic Fluids (CMFs) by saturation varies 

linearly with the total magnetic particle material. An optimum volume fraction of Fe 

javascript:popupOBO('CHEBI:63895','c0sm01221a','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=63895')
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particles (Fe=20%) based MRFs, has a maximum magneto-viscous effect. This was 

justified by the substantial increase in the effective viscosity of high-volume Fe 

particle samples in the absence of an external magnetic field. 

In another research, (Chand et al. 2014) investigated the varying concentrations of 

magnetic particles mixed in Ferro-fluid. They observed that the nanoparticles provide 

better stability, increased viscosity, and provides a strong chain-like structure with the 

presence of a magnetic field, fill the micro-cavities between the particles shown in 

Fig.2.24(c) and 2.24(d).    

Fig.2.24 (a)Mechanism of chain formation in MRF (b) bi-dispersed MRFs with Nano-

particles (c) without magnetic field (d) formation of columnar like structure and 

colloidal Nano-bridge (CNBs) in presence of magnetic field  

Park et al. (2001) showed that sedimentation rate of MRFs considerably reduced by 

adding the hydrophilic CIPs in water-in-oil emulsion along with Tween 80 

surfactants. The volume ratio of water in the continuous phase was  (0.1–0.3) and 

surfactant contents were 3 wt.% of the oil phase. The values of yield stress which 

depend on the particle volume ratio of the particles showed that the linear relation 

with the magnetic field varied between 0.08 to 0.3 T.   

Shetty and Prasad (2011) showed MRFs with a non-edible vegetable honge oil as a 

carrier liquid. Three samples of such MR fluid containing different percentages by 

volume of CIPs as suspensions were prepared for comparing their rheological 

properties. It was observed that one of the samples containing 40 per cent by volume 
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as suspensions exhibited a maximum viscosity of 334 Pa-s and yield stress of 13.23 

kPa at a magnetic field of 0.3816T. 

Zhang et al. (2018) discussed the polytetrafluoroethylene (PTFE) micro powders 

dispersed into silicone oil to viscosity changeable PTFE-oil organogell along with 

10 vol.% of CIPs to fabricate MRFs. Fig.2.25 (a) and (b) show that the shear stress 

and shear viscosity increased with of PTFE organogell constant and obtained by the 

H-B model fit. Specifically, the PTFE powder provided internal thixotropic 

microstructures formation and possessed an excellent sedimentation stability of the 

MRFs as shown in Fig.2.25(c)   

 

Fig.2.25 (a) Shear stress curves (b) shear viscosity as a function of shear rate (c) 

sedimentation profile as a function of time of PTFE/CIPs based MRF  

In this regard, Guerrero-Sanchez et al. (2007) prepared eight different Ionic liquids 

with magnetite nano and microparticles as a magnetic phase. The sedimentation rate 

depended upon the kind of Ionic liquid used and the composition of magnetic 

particles. Furthermore, the rheological properties showed a quasi reversible 

modification and long-chain structure of magnetic particles in the Ionic liquid-based 

MRFs. 

Xu et al. (2013) presented that MR gels as one of the categories of magnetic smart 

materials, whose mechanical properties change significantly in the presence of a 

magnetic field. In their paper, considering the significant effect of PU matrix content 

on the rheological response of MR materials, PU-based MR soluble gel (MRSG) with 

the carbonyl iron powder (CIP) weight fraction of 40%, 60%, and 80% were 

developed.
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Table 2.8 Summary of various carrier fluids in the MR suspensions 

 

 

Sl 

no 

 

Carrier 

Fluid/Ref 

Particle 

type 

(size μm) 

Type and 

% 

of additive 

 

 

Sedimentation/ 

Transmission 

Time and ratio. 

Rheological studies details 

Shear 

stress 

(Pa) 

Shear 

viscosity 

(Pa.s) 

Magnetic 

field 

strength 

kA/m 

Model 

used 

1 

 

PTFE-silicone oil  

organo-gel 

(Yan et al. 2018) 

 

CIPs 
PTFE micro-

powders 

0 to 7 days 

Silicone oil based 

MRF-40% 

10.1 Vol.% Organogell 

MRF-99% 

0 to 600 

Pa 
10-1-105 0 to 120 

H-B 

model 

2 

water 

 

(Ghatee et al. 2020) 

CIPs 

d50=5 μm 

Cetyltrimethyl 

ammonium 

bromide (CTAB) 

0 to 50 Hours 

CR1-16% 

CR2-8% 

10-2 to 10-4 102 to 108 0 to 76 
B-P 

Model 

3 

Poly(ethylene oxide) 

(PEO) solution 

 

(Cruze et al.2021)   

Carbonyl 

iron 

particles 

PEO powders 
0 to 28 hours 

PEO MRF-27% 
101 to 103 10-1-105 

0 to 342 

kA/m 
Na 

4 

water-in-oil  

emulsion 

(Park et al. 2001) 

CIPs Span 80 
0 to 140 hours 

97-% 
101 to 104 Na 

0 to 300 

mT 

Bingham  

fluid  

model 
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2.3 Techniques to analyze and evaluate sedimentation profiles 

To measure the sedimentation or settling rate of MR fluid, the particle concentration 

must be measured at different time intervals. In MRFs, the main reason of 

sedimentation is due to the density difference between the magnetic particle (about 

7.91g/cm3) and carrier fluid (about 1g/cm3). Such sedimentation deteriorates the 

designed performance of MRF-based systems such as MR dampers that operated for 

longer period. Therefore, the characterization of the sedimentation behaviour of 

MRFs is an essential factor in the design process of MRF-based systems. Table 

2.9 list the techniques used to analyze the sedimentation study of MR fluids.  

Table 2.9: Methods applied used for sedimentation study in MR fluids 

Sl. 

No 

Method of 

Sedimentation/ 

Reference 

Remarks 

1 Visual observation 

(Jun et al. 2005) 

Visual inspection consists of a comparison of the 

heights (Hd) of the phase dispersed and the phase 

fixed at different time intervals to give an idea  

sedimentation ratio 

2 Turbiscan instrument 

(Fang et al. 2011) 

This system emits pulsed near-infrared light to the 

sample and then detects the beams from the other 

side. By comparing the obtained lights with the 

transmitted beam, the sensor ensures a distribution 

of the sample density.  

3 Thermal conductivity 

monitoring 

(Cheng et al. 2016) 

Thermal conductivity testing is a technique that can 

provide a test that does not cause magnetic fields in 

the MRF column and can provide data  on the 

concentration of the particles 

4 Nephelometer 

(Lambrou et al. 2010) 

Nephelometer is a device that measures scattered 

light passing through a sample fluid, provides better 

sensitivity to measure the concentration of particles. 

5 Inductance based In this procedure a change in inductance of the 
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monitoring system 

(Chambers and 

Wereley 2017) 

 

circuit occurred due to sedimentation of magnetic 

particles. The relationship between LC circuit and 

magnetic permeability r of the sample provided the 

volume fraction , and the change in volume 

fraction with time gave the sedimentation rate.  

 

2.4 Magnetorheological testing 

The most popular geometry used for magnetorheological of MRF testing is a parallel 

plate measuring system with varying magnetic field strength. The schematic diagram 

of the rheometer is shown in Fig.2.26 (a). A standard gap of 1mm is used to separate 

the parallel disks. The magnetic circuit is designed so that the magnetic flux lines are 

normal to the parallel disks. The MR cell is capable of continuously varying the 

magnetic field applied to the MR fluid sample. The MR cell also included a water-

based heating/cooling system to maintain a temperature of 25°C. The top disk rotates 

while the bottom disk remains stationary. After placing the sample between the plates, 

the magnetic circuit is closed. As the upper plate rotates, a sensor measures the torque 

and calculates the corresponding force exerted on the moving plate. The shear stress 

at a designated point on the plate is then evaluated. A shaft encoder measures the 

angular rate and the corresponding shear rate. Both on-state and off-state behaviour 

were measured, for shear-rates ranging from 10-1 s-1 to 103 s-1 for the on-state 

characteristics, and shear-rates ranging from 10-3s-1 to 200 s1 for the off-state 

characteristics. Fig. 2.26(b) shows the MR Rheometer for placing the MRF sample 

between the plates with temperature-controlled yoke, hall sensor and coils for 

generating the magnetic field. Field-responsive fluids were distinguished by the 

steady-shear and linear viscoelastic properties that can be calculated using rheological 

instruments. The two most widely used configurations are shown in the figure, in 

which small volumes of fluid sample are tested between two coaxial circular parallel 

plates or between a small angle cone and plate, under shear, oscillatory flows(Guo et 

al. 2018b).    
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In this case as shown in Fig.2.26(c)and (d) of cone and plate type, measuresonly with 

the dispersion of particles in the liquid less than the 10m. Parallel plate useful for 

measuring dispersion containing coarse particle paste, printing inks, gel-like 

materials, and polymer solution. The rheometry measuring systems consist of cone 

and plate type, parallel plate, and concentric cylinders for measuring the absolute 

values of samples. The concentric cylinder is shown in Fig.2.26(e) type for measuring 

the low viscosity liquids and solvent-borne coatings. Radius R, cone angle α, 

truncation ); plate-plate (with radius R, the distance between plates H); and concentric 

cylinders (with bob radius Ri and cup radius Re and internal angle α at the tip of the 

bob)  are shown in the figure below. 

  

 

 

 

 

 

 

Fig.2.26 MCR 301 Rheometer (b) Schematic representation of magnetorheometer 

working (c)Parallel plate (d) cone and plate type arrangements (e) concentric type 

geometry (Permission  taken from Anton Paar) 

 

 

 

2.5 RESEARCH GAP 

Several approaches have been explored to solve the sedimentation problem and search 

for a better magnetic material, which can suit a particular application. The 
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sedimentation stability methods such as non-magnetic additive, different carrier fluid, 

and ferrite particles are the most suited techniques to achieve the desired properties 

for a particular application of MRFs without compromising the properties such as low 

off-state viscosity, MR effect, and sedimentation rate.  

2.6 MOTIVATION  

Though enormous research works have been reported in the field of MRFs, the 

following studies are worth investigating to improve the performance of MRFs. 

➢ There are significant works available based on the experimental 

characterization of MR damper against sedimentation days. But a limited work 

has been done in the settling of MR fluids in an MR damper. Better 

sedimentation MR fluid constituent plays a crucial role in enhancing the 

performance of MR damper; hence there is still scope for considerable work to 

be carried out in this area. 

➢ The magnetic particles which are having lower density can have better 

sedimentation. The particular composition of low density particles based 

MRFs is to characterize in terms of sedimentation and rheological properties, 

which allows the MR damper weight to be minimum. It can be used for small 

damping force applications 

➢ The cost of the commercials available for MRF in the market is very high. To 

synthesis, cost-effective MRFs in lab-scale is a major concern for use of 

MRFs to a larger extent in various applications.  

➢ The spherical carbonyl iron particles CIPs have been widely used in magnetic 

particle, while the sedimentation methods such as non-magnetic additives, 

different types of carrier fluids, ferrite magnetic particles, and surface modifier 

using thixotropic additive are most appropriate methods to improve the 

settling of particles   
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2.7 OBJECTIVES OF PROPOSED WORK  

➢ To study the effect of additives on the synthesis of carbonyl iron suspension 

on rheological and sedimentation properties of magnetorheological (MR) 

fluid. 

➢ Study the different fumed silica as a thixotropic additive on carbonyl particles 

magnetorheological fluids for Sedimentation Effects 

➢ Investigation of sedimentation, rheological, and damping force characteristics 

of  carbonyl iron magnetorheological fluid with/without additives 

➢ Investigating sedimentation and rheological properties of magnetorheological 

fluids using various carrier fluids 

➢ An experimental investigation of manganese-zinc ferrite particle-based 

magnetorheological fluids under three different volume fraction was made. 

 

2.8 SCOPE OF THE RESEARCH WORK  

Owing to the numerous benefits of MRFs, then scope of applications is expanding. 

MRFs are increasingly being used in an array of applications such as robotics, 

aerospace, military, electrical, construction, automotive and biomedical field.   
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CHAPTER-3 

 

MATERIALS AND METHODOLOGY 

The present chapter focuses on materials used for the preparation of MR fluids. In the 

first approach, the effect of three clay additives is used to synthesis MRFs and to 

study rheological properties. In the second approach, the effect of with and without 

clay additives was tested in MR damper against sedimentation days. In the third 

approach, the effect of thixotropic fumed silica additive on MRF properties was 

studied. In the fourth approach, the different types of with varying viscosities of 

MRFs were prepared. In the last approach, the low-density Mn-Zn ferrite particles 

were used as magnetic phase with surfactants to increase the sedimentation time. 

Further discussions were made regarding the experimental techniques that were used 

to characterize particle morphology, crystal structures, and magnetic properties using 

scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), X-ray 

diffraction (XRD), and vibrating sample magnetometry (VSM). Rheological 

properties of prepared MRFs under different magnetic field strengths were evaluated 

using commercial Anton Paar Physica MCR series Rheometer with MR attachment 

cell (MRD- 180®).  

 

3.1 Materials  

3.1.1Flow chart and preparation technique of clay additives in CIPs MRF  

Fig.3.1 shows the flow chart for preparing MRFs samples. Initially, 1 wt.% molyvan 

855 was used as a friction reducer agent (R.T.vanderbiltcompany) which contains 

molybdenum.To this  material poly-alpha-olefin (PAO) oil was purchased from KK 

India Pvt. Ltd., which has a kinematic viscosity of 16.7 cSt at 40°C and used as the 

liquid carrier medium using a mechanical stirrer for certain time intervals. Three 

different clay additives were added into the suspensions containing 1wt.% of claytone 

APA, garamite-1958 (BYK additive Pvt. Ltd.), and baragell 10 purchased from 

(Elementis specialties Pvt. Ltd). For the synthesis of MRFs samples, carbonyl iron 

particles (CIPs) of CM grade (BASF, Germany, avg. d50 diameter 6.5-9 μm, density 
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7.86 kg/m3) were mixed using a mechanical stirrer. Table 3.1 shows the properties of 

CIPs used in the preparation of MRFs. To prepare the MRFs, 81wt% each of CIPs 

and 1 wt.% each of additives were separately dispersed in PAO oil.  The compositions 

were well mixed using a mechanical stirrer for certain intervals of time to obtain the 

homogeneous dispersion. 

 

 

 

 

 

 

 

Fig.3.1 Flow chart of three different additives based MRFs 

The schematic representation of the synthesis of MR fluids is shown in Figure 3.2. 

The PAO oil-based MRF samples are coded as MRFp-1, MRFp-2, MRFp-3, and 

MRFp-4, respectively. Table 3. 1: Formulation of MRFs. 

   

 

 

 

 

 

Fig.3.2 Schematic representation of the preparation of MR fluids 
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Table 3.1  Compositions used in the preparation of MR fluids. 

Sample 

 

Magnetic 

phase wt. (%) 

Carrier fluid 

wt. (%) 

Clay 

additives wt. 

(%) 

Friction 

reducer agent 

wt. (%) 

MRFp-1 
Carbonyl particles 

(81) 
PAO oil (19) NA NA 

MRFp-2 
Carbonyl particles 

(81) 
PAO oil (17) 

Claytone APA 

(1) 

Molyvan 855 

(1) 

MRFp-3 
Carbonyl particles 

(81) 
PAO oil (17) Baragell 10 (1) 

Molyvan 

855(1) 

MRFp-4 
Carbonyl particles 

(81) 
PAO oil (17) 

Garamite 1958 

(1) 

Molyvan 

855(1) 

 

3.2 Preparation of Carbonyl MRF With/Without friction reducer additives 

3.2.1 MRFs materials used  

 

 

 

 

 

 

 

 

Fig. 3.3 Flow chart of Testing of MRFs 
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Fig.3.3 shows the flow chart for preparation of MRF and damper fabrication to test at 

different sedimentation time. These MRF sample constituents were completely 

homogenized by stirring at 1000 rpm for 4 hours The MRF rheological and damping 

force properties were evaluted using rheometer and dynamic testing machine 

respectively. The effect of sedimentation rate in MR damper without disturbance kept 

for three days was determined to evaluate the damping force characteristics.  

For preparing the MRFs, 70 wt.% CIPs composition was added to both the samples. 

Moreover, 1 wt.% claytone APA was used as an additive to improve the 

sedimentation in the MRFs, with 1 wt.% molyvan 855 friction reducer agent. 

Carbonyl iron particles (CIPs) with  d50 avg. particle size ranging from 6-7 µm (CS-

grade) used as soft magnetic (99.5% Fe) dispersed phase particle were purchased 

from BASF Corp. Poly-alpha-olefin (PAO) oil with a kinematic viscosity of (=17.2 

mm2/s) at 40°C with a specific gravity (S.G=0.818) was used as the carrier medium 

for the MRFs. Table 3.2 shows the composition and samples of pure CIPs and 

CIPs/claytone APA MRFs.  

Table 3.2 Composition and Constituents used in MRFs 

Sample Code            CIPs               PAO oil              claytone APA        molyvan 855 

Pure CIPs MRF     70 wt. %         30 wt. %              none                        none 

CIPs/Claytone MRF 70 wt. %         28 wt. %             1 wt. %                  1wt.% 

 

3.2.2 Fabrication of MR Damper 

Figure.3.4 shows a monotube MR damper of shear mode type without accumulator 

damper, which was fabricated to test against sedimentation of MRFs for low force 

applications. Fig.3.4(a) shows the schematic view of the proposed MR coil piston, and 

the 3D model view of the MR damper with copper coil winding, MRF, seals, housing 

cylinder, bearing, and the piston rod is shown in Fig.3.4(b). As the piston of the MR 

valve moves, the MRFs flow from the top to the bottom reservoir through the annular 

flow gap between the MR piston and the inner cylinder of the MR damper. Fig. 3.4(c) 

shows the fabricated MR damper to assess the damping performance of the prepared 

MRFs. Table 3.3 shows the dimensions of the MR piston which is used damper 
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Table 3.3  Geometric dimensions of the MR damper 

          Parameters                                                                         Dimensions in mm 

Outer cylinder diameter (D1)                                                             42 

Inside cylinder diameter (D2)                                                            41 

Length of the piston (2L1+L2)                                                           40 

The diameter of the MR piston (D)                                                   40 

Length of the coil (L2)                                                                       20 

Annular flow channel gap (h)                                                            1 

The diameter of the piston rod (Dp)                                                   12 

 

.  

 

 

 

 

 

Fig.3.4 MR damper (a) schematic drawing of MR piston, (b) 3D model view, and (c) 

fabricated and tested MR damper                            

3.3 Preparation of carbonyl iron-based MRF with fumed silica additives   

The flow chart depicting the preparation of MRFs with different types of hydrophobic 

and hydrophilic fumed silica surface area with CIPs and silicone oil is shown in Fig 

3.5. The MRFs were well homogenized using Cowles Dissolver at different stirring 

speeds from the mechanical stirrer. The MRFs were formulated using CIPs (CN 

grade) obtained from BASF. The carrier fluid used was silicone oil purchased from 

(Spectrum Reagents and Chemicals Pvt. Ltd.) with a dynamic viscosity of (=0.01 
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Pa.s). The solid loading of CIPs, fixed at 80 wt. % concentration was added to all 

MRF samples. 

 

  

 

 

 

 

 

Fig.3.5 Flow chart preparation MRF with different types of additive 

Table 3.4 Characteristics of fumed silica used for MRFs preparation 

Sl. No. Silica type 

 

BET 

Surface area 

m2/g 

Magneti

c 

particle 

Particle 

size in  

μm 

Material 

category 

MRF1 NA NA CIPs 6-8  NA 

MRF2 Cab-O-Sil® TS-

720 

115 m2/g CIPs 0.04-

0.13  

hydrophobic 

MRF3 Cab-O-Sil® TS-

610 

125m2/g CIPs 0.07-0.3  hydrophobic 

MRF4 Hi-Sil  

233 

135m2/g CIPs 1-3  hydrophilic 

MRF5 Sigma-Aldrich 

(S5505) 

200m2/g CIPs 0.2 - 0.3  hydrophilic 
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The commercially available fumed silica (FS) with different grades and different 

surface areas used are listed in Table 3.4. For the present work, Cab-O-Sil® TS-720 

and TS-610 (Cabot Sanmar Ltd.), and Hi-Sil 233 (PPG Industries, Inc) were provided 

free of cost. The fumed silica-S5505 (200 m2/g) grade which was aggregated in the 

form, was purchased from (Sigma-Aldrich). The prepared MRF was named MRF1 

which contained silicone oil and CIPs.  Also, MRF 2, 3, 4, and 5 samples contained 

CIPs, silicone oil, and 3wt.% of fumed silica additive concentrations. 

 

 

 

 

 

 

Fig.3.6  Mechanism showing (a) hydrophobic surface with weak interaction, (b) 

hydrophilic surface with strong interaction, and (c)fumed silica of dispersion 

mechanism  

Commercially available silicon oils have less solubility and hence solubilization of 

these required either altering structural chemistry by introducing hydrophilic side 

groups or adding a solvent to the oil phase. Fig. 3.6(a) shows the structure, which 

indicates weak hydrogen bonding contact between the particles of the hydrophobic 
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fumed silica layer. Fig.3.6 (b) shows a strong interaction between the hydrophilic 

fumed silica particles, which form a three-dimensional network, containing the silanol 

groups (Si-OH) on the surface. The oligomeric and polymeric hydride of siloxanes 

included Si-O-Si linkage, in which pair of silicon atoms separated by one polar 

oxygen atom. These siloxanes form the backbone of silicones. In general, silicones 

are inherently hydrophobic and flexible, and further, they can be structurally modified 

to contain hydrophilic groups. The partial intermolecular bonding interaction between 

electron-rich donor atoms and electron-poor atoms results in hydrogen bond 

formation. The tetrahedrally substituted Si-O bonds of siloxanes have relatively high 

Lewis basicity and are hence expected to form strong hydrogen bonding. The polar 

and hydroxylic silanes are hydrophilic (MRF4, MRF5) and alkyl-substituted silanes 

are hydrophobic (MRF2, MRF3). The preparation of MRF is simple and requires 

care, but is not complicated. 

To mix the constituents of MRFs suspension such as carbonyl iron particles, silicone 

oil, and fumed silica as a thixotropic agent a mechanical stirrer of specific design 

supplied by the manufacturer was used as shown in Fig.3.6(c) and the design 

parameter are listed in Table 3.5. The preparation consisted of the following steps. 

Initially, the fumed silica and silicone oil were mixed at a low level of stirring and 

form a gel, which might be due to the fumed silica particles forming a thixotropic 

network structure. Then, CIPs were added to the silicone oil gel and stirred at 1000 

rpm for 1 hour using the mechanical stirrer (Remi-RQG-121D).  

During stirring, the MRFs suspension shows with a doughnut-like shape as shown in. 

Fig.3.6(c). Flow pattern was observed and using Cowles dissolver effective mixing of 

MRFs was obtained. The initial dispersion was rapid. If the dispersion mixed for too 

long, the result will be an irreversible decrease in viscosity. The dispersions often 

have thixotropic properties, i.e., a viscosity that varies with the rate of stirring. For 

liquids with minimal hydrogen bonding, small amounts of fumed silica would 

increase the viscosity.  

Addition from 1 to 3 % by weight usually suffices to cause the liquid to form a gel. 

More energy was generally required to disperse the fumed silica as the surface area 
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increases. Finally, the MRFs sample was immersed in an ultrasonicator for five 

minutes to ensure homogeneity and to remove the bubbles from the samples. The 

calculation of tip speed (peripheral speed) is given by the general formula. 

 

                               Tip speed (
m

s
) =

D×π×RPM

60
                                                          (3.1) 

 

Table 3.5 Impellor and vessel dimensions provided by the supplier 

Sl. No. Parameters Dimensions (mm) 

1.  Disk diameter(D) 50 

2.  Jar diameter (2D) 100 

3 Filling height (2D) 100 

4. Height of stirring dissolver the bottom 25 

  

3.4 Preparation of manganese-zinc ferrite particle-based MRF 

 MRF was prepared with as received Mn-Zn ferrites particles supplied as a free of cost 

sample from KIP Chemicals Pvt. Ltd and silicone oil purchased from (Sigma Aldrich; 

=10 cSt; ρ = 0.96 g/cc−1), where  is kinematic viscosity, and ρ is the density of carrier 

fluid medium was added. The MRF was stirred using a mechanical stirrer at 100 rpm. The 

stearic acid (Sigma Aldrich) additive was added with 1 vol. % of into the MRF 

suspensions to inhibit the sedimentation of particles. The MRFs were homogenized by 

mechanical mixing at 1000 rpm for 1 hour and followed by ultrasonication for 15 minutes 

at room temperature. The MRFs were labelled as MRF#20, MRF#25, and MRF#30, 

respectively, and the volume fraction of each constituent is listed in Table 3.6 

Table 3.6 The composition of MRF 

Samples 

 

 (Mn-Zn ferrites) 

vol. % 

 (Silicone oil) 

vol. % 

 (stearic acid) 

vol. % 

MRF#20 20% 79% 1% 

MRF#25 25% 74% 1% 

MRF#30 30% 69% 1% 
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The preparation steps of Mn-Zn ferrite parties based MRFs shown in Fig.3.7. Initially 

particles are added with different volume fraction were added in silicone oil. In order 

to reduce the settling of particles stearic acid was used as stabilizer and stirred wit 350 

Rpm using mechanical stirrer for complete homogeneity of the MRF samples  

 

 

 

 

 

 

 

 

 

 

Fig 3.7 Flow chart preparation of Mn-Zn ferrite particles 

 

3.5 Preparation of MRFs with a different carrier liquid 

3.5.1 Materials 

The constituents required for the purpose of stabilization in MR fluid i.e. fumed silica 

(0.2-0.3 ) μm surface area 200m2/g ± 25 m2/g (aggregate) (Sigma Aldrich) were 

mixed using homogenizer stirred for about 15 min in silicone oil (Sigma Aldrich), 

light paraffin oil (Spectrum chem. Pvt. Ltd) and Poly-alpha-olefin oil (Chemtura 

Corporation) with a Specific Gravity of (0.96, 0.83 and 0.84 g/cm3) and viscosity 

range of (5, 30 and 400 cSt.) respectively until a homogeneous solution was obtained. 

Afterwards, carbonyl iron powder particles density: 7.86 ×103 kg/ m3, CN grade, Avg. 

particle size (1-9) microns from (Vimal intertrade Pvt. Ltd, India) were mixed in the 

gel using a mechanical stirrer at 900 rpm for about 12 hours. In the present work, the 

3 types of MRF samples are designated by MRF-1, MRF-2, and MRF-3 in Table 3.7 
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Table 3.7 Properties of prepared samples composition 

ID Type of based fluid 

          (cSt) 

CIPs 

(Volume %) 

Carrier 

liquid 

(Volume %) 

Fumed silica 

(Volume %) 

MRF-1 

MRF-2 

MRF-3 

Silicone oil (5) 

Light paraffin oil (30) 

Poly-alpha-olefin oil (400)  

         25 

         25 

         25 

     72 

     72 

     72 

       3 

       3 

       3 

The preparation steps of different viscosity bases oil based MRFs shown in Fig.3.7. 

Initially CIPs particles of 6 to 9 m are added with different volume fraction were 

added in silicone oil. In order to reduce the settling of particles fumed silica was used 

as stabilizer and stirred wit 350 Rpm using mechanical stirrer for complete 

homogeneity of the MRF samples.  

 

 

 

 

 

 

 

Fig.3.8 Flow chart preparation of MRFs with different base liquid 

 

3.6 Characterization of MRFs 

To study the crystal structure, chemical composition, morphology of materials, and 

additives characterization tools used are discussed below. Materials used for the 
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synthesis of MRF and MRFs were characterized using various techniques such as 

XRD, SEM, EDS, contact angle, FTIR were discussed to evaluate the material's 

physical properties. Magnetic saturation properties of magnetic particles and MRFs 

were studied using VSM and SQUID. Also, since MRFs sample in the liquid state 

these properties were tested using a standard samples liquid holder using VSM.  The 

damping force characteristics prepared MRFs were identified using the dynamic 

testing machine. The prepared MRFs rheological flow curve properties such as shear 

stress as a function of shear rate and viscosity as a function shear rate were measured 

using a rheometer. In addition, surface tension characteristics were evaluated using 

the pendent drop method to determine the difference in the contact angle properties.    

 

3.6.1 X-Ray Diffraction (XRD) 

X-ray powder diffraction (XRD) is a rapid analytical method primarily used for the 

phase identification of a crystalline material which can provide information on cell 

unit dimensions. The X-ray diffractometer consists of three basic elements, an X-ray 

tube, a sample holder, and an X-ray detector. X-rays are generated in a cathode ray 

tube by heating a filament to produce electrons, accelerating electrons to the target by 

applying a voltage, and bombarding the target material with electrons. Constructive 

interference of a monochromatic beam of X-rays scattered at specific angles from 

each set of lattice planes in a sample produces XRD peaks. The atomic positions 

within the lattice planes determine the peak intensities. The phase of particles was 

estimated by an X-ray diffractometer (Malvern panalytical Seris-3) using Cu K-

radiation wavelength λ=1.154 (Å), and the scan step size was 0.02 deg/min with 0.02 

steps per degree. Bragg’s law, which relates the wavelength of the X-rays to the 

interatomic spacing, describes the diffraction of X-rays by a crystal and is given by 

the following equation: 

                                                    2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                               (3.2) 

Where, 𝑑 denotes the perpendicular distance between adjacent planes, 𝜃 is the angle 

of incidence or Bragg angle, 𝜆 is the wavelength of the beam, and n denotes an integer 

number known as the order of reflection and is the path difference in terms of 

wavelength between waves scattered by adjacent planes of atoms. The standard 

https://www.sciencedirect.com/topics/physics-and-astronomy/diffractometers
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database for XRD patterns (JCPDS database) is used for phase identification of a 

wide range of crystalline phases in samples. 

 

3.6.2 Scanning Electron Microscopy (SEM) and EDS 

The morphology of the magnetic particle, additives, and after adding the additive was 

observed by Scanning Electron Microscopy (SEM) (JEOL-63807A) with 

an accelerating voltage of 15 kV. SEM images provide topographical, morphological, 

and compositional  makes features invaluable in a variety of scientific and industrial 

applications. The chemical compositions were investigated using Energy Dispersive 

X-Ray Analysis (EDX) attached to the SEM.  

3.6.3 Magnetorheometer  

Rheological responses of the MR fluids were measured using a commercial rheometer 

(MCR 300, Anton Paar, Germany) with a controlled magnetic field supported by an 

MR device (MRD 180)  as shown in Fig.3.9. While a lower plate is stationary, an 

upper plate rotates at the same time a torque is measured. The magnetic field applied 

is perpendicular to the flow field which is parallel to the rotating axis. A controlled 

shear rate (CSR) mode over a shear rate range of 0.01–200 1/s is applied for all tests 

under different magnetic field strengths.  

 

 

 

 

 

                                 

 

Fig.3.9 Magnetorheometer 

To control temperature, a water circulator was adopted to the MRD 180. The coil 

current and magnetic field strength were tuned via the software using a separate 

https://www.sciencedirect.com/topics/engineering/accelerating-voltage
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control unit. The RheoPlus software controls the magnetic field strength across the 

plates holding the MR sample by adjusting the electric current through the coil. 

Magnetic field was applied perpendicular to the parallel plate system. Therefore, the 

magnetic field in the gap between two plates is a function of electric current passed 

through the coil. The volume of MR fluid in the gap was taken primarily as 0.3 mL. It 

can be noted that the use of parallel-plate geometry has the advantage of easier 

operation and cleaning procedures when compared to concentric cylindrical geometry. 

The temperature was set as 25° C throughout the measurements. 

3.6.4 Dynamic Testing Machine 

The experimental setup of the Dynamic Testing machine (GEOTRAN) consisted of a 

load cell, LVDT, DAQ, and Signal Generator, as indicated in Fig 3.10. The 

frequencies, peak to peak displacement, and sedimentation testing of the MRF in the 

MR damper were set at 1.5 Hz of 5mm at 0hr, 24hr, and 72hr. The applied current 

was changed from 0 and 0.4 A. The saturation of the applied current to the MR piston 

coil was limited to 0.4A. 

 

 

 

 

 

 

 

 

Fig.3.10 Dynamic Testing Machine 

3.6.5VibratingSampleMagnetometer 

Saturation properties, magnetization versus magnetic field strength (M-H) curve were 

measured at room temperature with a standard commercially available liquid sample 

holder (i.e., No- 730935 Kel-F®) from (Lakeshore, USA, Model 7407). Fig.3.11(a) 
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and (b) show a schematic representation of VSM measurements and dimensions of the 

liquid holder. The MR fluid was poured inside the holder in such a way to minimize 

the small air bubbles and filling into the bottom cup completely  to avoid the slushing 

of the liquid due to sample vibration. Then, the MRF sample was positioned with a 

plastic straw in the horizontal X-Y and vertical Z-axis planes, and the sample was 

vibrated vertically about the center point of the coil.   

 

 

 

 

 

 

Fig.3.11 (a) Pic up coil geometry (b) Standard liquid sample holder for MRF 

(permission from Lakeshore cryotronics) 

The voltage is induced across the pick-up coil, and is proportional to the magnetic 

moment of the MR fluid material. A hysteresis loop shows the relationship between 

the induced magnetic flux density (B) and the magnetizing force (H). It is often 

referred to as the B-H loop. Magnetic permeability is used to describe the capability 

of materials to be magnetized when placed in a magnetic field. Materials with higher 

relative permeability, for example, ferromagnetic materials, can present higher 

magnetization under a magnetic field. Based on the susceptibility (χ m ) of each 

sample measured from VSM, the relative magnetic permeability (µr ) can be 

calculated by the definition 

                                          µ r =1+ χm………                                                         (3.3) 
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where µr is the relative magnetic permeability of the material. The relative magnetic 

permeability µr, is the ratio of the magnetic permeability of a specific material to that 

of free space. The magnetic permeability of the free space is defined as the 

permeability constant, μ0= 4π×10−7 H/m −1. The magnetic characteristics of the 

magnetic particles were examined by vibrating sample magnetometer (VSM) (Model 

7407, Lakeshore, U.S.A.) in the powder state. The measurements were carried out at 

room temperature. 

3.6.6 Visual Inspection Sedimentation  

MR suspensions tend to settle due to the density difference between the particles and 

fluid Visual inspection consists of a comparison of heights (Hd) of the dispersed phase 

and settled phase along different time intervals to give an idea about the rate of 

settling of iron particles in the as shown in Fig. 3.12. The sedimentation ratio can be 

evaluated using the formula 

Sedimentation ratio (%) =
Volume of Supernatant Fluid

volume of Total Suspension 
× 100                      (3.4) 

Fig.3.12 Visual sedimentation observation 
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3.6.7 Surface tension investigations 

 

Fig.3.13 Schematic setup for the pendant drop method to measure the surface tension 

The basic experimental set-up of the pendant drop method is shown in Fig.3.13 which 

consists of the needle with the syringe, a camera, and a source of light (Kruss drop 

shape analyser DS-100). Here, needles with diameters of either 0.8 mm or 0.5 mm 

were used. All measurements were made in a transparent glass substrate with 

dimensions of 20 mm× 20 mm × 10 mm mounted in a base table. As can be seen 

from the figure, camera was used to capture an image of a liquid drop that hangs on a 

dosing needle and subsequently analyze it with the kruss advance software module. In 

the pendant drop method, surface tension was calculated from the shadow image of a 

pendant drop using shape analysis of drop. A pendant drop at equilibrium obeys the 

Young–Laplace equation (3.5), which relates the Laplace pressure across an interface 

with the curvature of the interface and the interfacial tension γ. 

                                    𝑟 (
1

𝑅1
+

1

𝑅2
) = ∆𝑝 = ∆𝑝0 − ∆𝜌𝑔𝑍                                            (3.5) 

where R1 and R2 represent the principal radii of curvature: ∆𝑝 = 𝑝𝑖𝑛 − 𝑝𝑜𝑢𝑡 is the 

Laplace pressure across the interface: ∆𝜌 = 𝜌𝑑 − 𝜌 is the density difference (see Fig. 

3.13) and 𝜌𝑑  , 𝜌 are the drop phase density and continuous phase density respectively. 

 

https://www.dataphysics-instruments.com/products/oca/software/#SCA22
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CHAPTER-4  

 

EFFECT OF ADDITIVES ON RHEOLOGICAL AND SEDIMENTATION 

PROPERTIES OF CIPs BASED MRF 

Magnetorheological (MR) fluid is one of the major constituent elements in structural 

suspensions and damping characteristics in automobile applications. The major 

drawback is sedimentation in MR fluids. In the present study an attempt has been 

done to address the sedimentation issue. The synthesis and characterization of MR 

fluid in combination with clay and additives leads to improvement in sedimentation 

rate. The cost-effective MRFp-3 showed better results compared to commercially 

available MR fluid concerning off/on state shear stress and viscosity. It was also 

observed that in-house prepared MRFp-3 has better sedimentation than commercially 

available (LORD-132DG) up to 700 h. 

4.1 Introduction 

In this study, MR fluid was prepared using carbonyl iron powder mixed with poly-

alpha-olefin oil. The detailed composition of MRFs is enlisted in chapter-3 section 

3.1. These particular clay additives are known to be used in fluid compositions and act 

as anti-settling agents, thickening agents, and rheology modifiers. The magneto-

rheological activity, sedimentation stability were evaluated and compared with 

commercially available LORDMRF132DG fluid. 

 

4.2 Results and Discussions 

4.2.1 Scanning electron microscopy (SEM) analysis 

Fig. 4.1(a)-(e) show the surface morphology, the particle size distribution of raw CIPs 

and clay additives. As can be seen from the Fig.4.1(a) shows the pure CIPs are 

spherical and have a smooth surface with a 2-9 μm particle size distribution.Fig.4.1(b) 

shows the particles size distribution of CIPs varying between 2 to 9 micron. The size 

and morphology of the MRF additive components can remarkably affect the MRF 

suspensions in which will connect the CIPs particles for improving dispersion 

stability. It can be seen in Fig.4.1(c) that the layered, ribbon-like structure 
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morphology is typically observed in garamite 1958 organo-clay. Similarly, claytone 

APA and baragell 10 additive particles look like large and small scales in the form of 

sheet aggregates morphology which can be observed from figure 4.1 (d) and (e), 

respectively (Keyoonwong et al. 2012). 

 

 

 

 

 

Fig.4.1 SEM micrographs (a) pristine CIPs, (b)particle size distribution curve (c) 

Garamite 1958,(d Claytone APA, and Baragell (e) 10  

4.2.2 X-ray Diffraction (XRD) analysis 

The crystalline structures of the as-received carbonyl iron particles were studied by X-

ray diffraction (XRD). It can be seen from Fig. 4.2 that CIPs demonstrated by the 

strong peaks at 2θ  values 44.6°, 64.9°, and 82.3°, respectively were assigned to (110), 

(200), and (211) lattice planes, respectively of the body-centered cubic (bcc) iron  

(JCPDS card no 65-4899) (Guo et al. 2018a). BCC(α-phase) Fe exhibits phase soft 

magnetic behaviour  which is  needed for MR fluid. 
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  Fig.4.2 XRD pattern of Carbonyl iron powders 

4.2.3 Superconducting Quantum Interface Device (SQUID) analysis 

 

 

 

 

 

 

Fig.4.3 Magnetic hysteresis loops of CIPs 

Magneto-static properties were evaluated in the field range, from −10 kOe to 10 kOe 

by SQUID and the resulting hysteresis loop of CIPs as shown in Fig. 4.3, is very 

narrow indicating that the particles possess soft-magnetic property. The specific 
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saturation magnetization (σs) was about 250 emu/g for the CIPs which is an important 

crucial factor. This is desirable for improving the properties of MRFs and the 

coercivity (Hc) of the particles was found to be 0.5kOe(Zhou et al. 2012).  

4.3 Rheology flow curves 

4.3.1 Off-state rheology 

Fig.4.4 At zero magnetic field applied (a) shear rate flow curve (b) shear viscosity  

The rheological measurements at temperature 25°C are shown in Fig. 4.4(a) and (b).  

Variation of off-state shear rate v/s shear stress and shear rate v/s viscosity with the 

shear rate varying from 0.1 to 800s−1 for MRF samples without any applied magnetic 

field shows Newtonian fluid behaviour, where the viscosity decreases with increasing 

shear rate,exhibiting shear thinning behaviour (Choi et al. 2006). From Fig.4.4(a), it is 

observed that the value of shear stress obtained for Lord-132DG is relatively low. In 

the case of MRFp-2, MRFp-3 and MRFp-4, shear stress is relatively higher, This 

behaviour is due to presence of additives in the base oil. In the case of MRFp-1, it is 

found that shear stress is comparatively low, which suggests the absence of additives 

in the base fluid. The value of off-state viscosity obtained for Lord-132DG is 

relatively low. In the case of MRFp-2, MRFp-3 and MRFp-4, off-state viscosity is 

relatively higher, and it was found that it is based on the presence of additives in the 

base oil. In the case of MRFp-1, it was found that viscosity was comparatively low, 

which suggested the absence of additives in the base fluid as shown in Fig.4.4(b) 



80 

 

Fig.4.5 Bar graph of (a) Shear stress flow curve  and (b) shear viscosity at zero 

magnetic field applied 

Fig. 4.5 (a) and (b), show bar graph of shear rate v/s shear stress and shear rate v/s 

shear viscosity in terms of shear rate which varied from 0-800(1/sec) for each of the 

MR fluids. From the graph, it is observed that the minimum shear stress value seen 

from Lord-132 DG is 25 Pa which is very low compared to MRFp-1, MRFp-2, 

MRFp-3, and MRFp-4 which is (127, 252, 172, and 210) Pa, respectively. It is also 

evident that by increasing shear rate, the shear stress increases and viscosity 

decreases, and viscosity obtained from Lord-132DG is 0.025 Pa-s which is much 

lower than MRFp-1, MRFp-2, MRFp-3, and MRFp-4 which is (0.15,0.31,0.20, and 

0.225) Pa, respectively. From bar graphs 4.5 (a) and (b) it is observed that off-state 

shear stress and viscosity values are found to be lower in commercially (Lord-132DG) 

MRFs when compared with MRFp-1, 2, 3, and 4. Hence, the MR fluids with added 

additives increase the off-state shear stress and viscosity. 

4.3.2 On-state Rheology 

Fig. 4.6(a) and 4.6(b) show the variation of magnetic flux density v/s shear stress and 

magnetic flux density v/s viscosity for synthesized MR fluids under constant shear 

rate (100 sec-1). The values of shear stress under the definite condition are similar for 

all the MR fluid samples. The differences in the shear stress values are appeared when 

the magnetic flux density was larger than 0.2T. The highest level of shear stress plots 

was obtained for MRFp-1, which suggests low off-state viscosity and high saturation 
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magnetization. From Fig 4.6 (b), it is observed that the range of shear viscosity values 

under the specified condition are similar for all the fluids. The difference in the 

viscosity values was observed when the magnetic flux density was greater than 0.2T. 

The highest level of viscosity plots was obtained for MRFp-1, which suggests 

comparatively higher viscosity and high saturation magnetization. Fig. 4.6(b) shows 

the magneto-rheological viscous effect of synthesized MRFs in which on–state shear 

viscosity increases by increasing the magnetic field density from 0 to 0.7 Tesla. 

 

Fig.4.6 Magnetic field sweep (a) Shear stress  (b)Viscosity 

Due to the magnetic field, the particles become polarized and thereby organized into 

chains of magnetic particles within the fluid. The action of the chain of particles 

increases the apparent viscosity or flow resistance of the MR fluid. The magnetic 

CIPs dipole interaction-moment of a particle is given by the equation μ = VxB, where 

V = πd3/6, where V is the volume of the particle, and d, x  and B represent the 

diameter, magnetic saturation of the CIPs and applied magnetic field from 0 to 0.7 

Tesla, respectively. 

Fig. 4.7(a) and (b), a show bar graph of magnetic flux density v/s shear stress and 

magnetic flux density v/s viscosity at a constant shear rate of 100 (1/sec) for each of 

the MR fluids. From Fig. 4.7(a) it is observed that the maximum shear stress obtained 

from MRFp-1 is 12kPa which is greater than the the values obtained for MRFp-2, 

MRFp-3, MRFp-4, and Lord 132 DG which are (7.8, 8.4, 8.2, and 11.7) kPa, 

respectively. It is also evident that, shear stress increases, and viscosity increases as 
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the magnetic flux density increases. Viscosity obtained from MRFp-1 is 120.12 Pa-s 

which is relatively higher than the viscosities obtained from MRFp-2, MRFp-3, 

MRFp-4 and Lord-132DG which are (79.2, 89.7, 81.3 and 111.2) Pa-s, respectively. 

Fig.4.7 Bar graph of (a) magnetic flux density v/s shear stress and (b) magnetic flux 

density v/s viscosity  

From Fig. 4.7 (a) and (b), it is found that on-state shear stress and viscosity values of 

MRFp-1 are very close to that of Lord-132DG fluid rather than MRFp-2, MRFp-3, 

and MRFp-4. Hence, the MRF fluids with added additives decrease the on-state shear 

stress and viscosity. 

The rheological flow curves was done for the shear stress versus shear rate were 

measured using rheometer for fitting Bingham plastic [BP] constitutive model, which 

is a frequently used model in MRF suspensions because of the development which is 

organized into chains of CIPs magnetic particles within the fluid. The yield stress of 

Bingham plastic [BP] constitutive is governed by the general equation. 

                                             𝜏 = 𝜏𝑦 + 𝜂𝛾  ̇ 𝜏 ≥ 𝜏𝑦                                                 (4.1) 

                                            �̇� = 0    𝜏 < 𝜏𝑦                                                             (4.2) 

The parameters of the BP model are as follows: 𝜏 is shear stress, 𝜏𝑦 represents yield 

stress and is a function of magnetic field intensity [H] 𝜂 which denotes shear viscosity 

and �̇� is the shear rate. 
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4.4 Sedimentation analysis  

 

Fig.4.8 Visual inspection (a)sedimentation (%) v/s Time (hrs) (b) settling layer  

Fig. 4.8(a) and (b), show the sedimentation stability curves of prepared MR fluids. 

The MRFp-1 based fluid exhibited a quicker sedimentation rate than the MRFp-2, 

MRFp-3, MRFp- 4, and Lord-132DG based suspension, which suggests that the 

sedimentation dispersion stability of the MRFp-1 has pure CI-based suspension. In the 

case of MRFp-2, MRFp-3 and MRFp-4, additives of claytone APA, garamite 1958, 

and baragel are present in the suspension, respectively, which creates a light gel in 

PAO oil limits the settling of iron particles and improves the anti-settling stability of 

prepared fluids. From Fig.4.8(a), it is evident that the MRFp-2, MRFp-3, MRFp-4, 

and Lord-132DG has a sedimentation ratio of 97, 98, 92, and 90(%), respectively, and 

have relatively low settling rate of particles during static settling test compared to 

MRFp-1(86%) which was observed during approximately 700 hrs (29 days) of 

sedimentation tests under static storage of synthesized MR fluid without disturbance. 

The general equation for sedimentation velocity was estimated by Stoke’s law given 

by (C Berg 2010)  

𝑣∞ = 𝑑2(𝜌𝑝 − 𝜌)𝑔/(18𝜇)     (4.3) 

Where  𝑣∞ is the terminal velocity, 𝜌𝑝 represents particle density, 𝜌 denotes the 

carrier liquid density, 𝑑 represents the particle diameter, 𝜇 represents the viscosity of 

the medium and 𝑔 is the gravitational acceleration. Sedimentation ratio can be 

determined by placing cylindrical measuring cylinders at 27°C given by the general 
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equation, Sedimentation (%) = ∇B/B×100 where, ∇B is the length of the turbid part 

and B is the total length of the MR fluid. The synthesized MRFs of 10 ml was 

transferred to a 10 ml graduated measuring cylinder and placed in static storage 

without any disturbance (Chuah et al. 2015). It was found that a clear layer was 

formed between the carrier medium and magnetic particles for a period of 29 days as 

shown in Fig.4.8(b).   

4.5 Summary 

The advantage of producing low-cost MR fluids systems makes them ideal substitutes 

for commercially available MRFs. As can be observed the MRFp-2, 3, and 4 have 

slightly low shear rate v/s shear stress and shear rate v/s viscosity at the applied 

magnetic field (0 to 0.7 Tesla) when compared to LORD 132 DG.  The results reveal 

that as the three different clay additives, including claytone APA, baragell, garamite 

1958, and friction reducers are decreases the particles settling which can improve the 

sedimentation stability. The dynamic yield stress of MRF was found to increase with 

applied magnetic field strength due to interaction among the particles, which depends 

on the saturation magnetization of the magnetic particles. Thus, the present study 

highlights the importance of the additives and their concentration in the fluid in 

evaluating the cost effective of MRFs.  
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CHAPTER-5 

 

SEDIMENTATION, RHEOLOGICAL, AND DAMPING FORCE 

CHARACTERISTICS OF CIPs BASED MRF WITH/WITHOUT 

ADDITIVES 

In this chapter, description regarding how the MRF samples were prepared using pure 

carbonyl iron particles (CIPs), CIPs/claytone APA/molyvan 855 additive, and friction 

reducer  is dispersed in Poly-Alpha-Olefin (PAO) oil is given. The scanning electron 

microscopy (SEM) revealed that the claytone additive morphology looks like a 

surface abundant in small-folds, which connect the gaps between the spherical pure 

CIPs and prevent sedimentation in the MRF. The magnetic saturation properties were 

investigated through the vibrating sample magnetometer (VSM). The pure CIPs MRF 

showed (Ms) value as 146.12 emu/g and the CIPs/claytone APA/molyvan indicates 

(Ms) as 55.12 emu/g. The magnetorheological flow curves, such as shear stress and 

viscosity as a function of shear rate, were investigated for the MRF samples through 

the magneto-rheometer.The sedimentation analysis of the MRF was observed by 

visual inspection and it was seen that the CIPs/claytone APA/molyvan improved the 

sedimentation rate more than the pure CIPs MRF. Finally,the experimental 

characterization of the prototype mono-tube MR damper was carried out using the 

hydraulic dynamic testing machine at 1.5Hz frequency for damper peak-peak 

displacement length of ± 5 mm at three intervals of 0hr, 24hr, and 72hr in damper to 

assess the effect on damping force for the prepared MRF samples against the 

sedimentation rate. 

 

5.1 Introduction 

A large density difference between a non-magnetic carrier medium and a dispersed 

magnetic phase causes the sedimentation problem. For this reason, the addition of 

additives to MRF suspensions is an effective method to reduce the sedimentation 

stability rate. Most of the studies reported on MRF preparation had less focus on MR 

damper performance against the settling of the MRF.     
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In the present chapter the effect on sedimentation stability, magnetic saturation, and 

magneto-rheological properties of pure CIPs, CIPs/claytone/molyvan 855 additive, 

and friction reducer MRF are examined. The detailed composition are enlisted in the 

preparation of MRFs with and without additives and shown in table 3.2 chapter 3. 

Besides, the MR damping performance was investigated and compared at three-time 

intervals (0, 24, and 72 hours) without disturbance of both the MRFs using a mono-

tube MR damper.  

 

5.2 Materials and their chemical structures  

Poly-alpha-olefin (PAO) oils are hydrogenated olefin oligomers/synthetic 

hydrocarbon, which are synthesized by catalytic polymerization of linear alpha-

olefins. PAO fluid commonly called spectrasyn poly-alpha-olefin fluid was purchased 

from (Exxon Mobil Chemical Co.) as a base fluid.  Synthesis involved mainly two 

steps. In the first step, the synthesis of a mixture of oligomers that are polymers of 

relatively low molecular weight was done.  

Further, after the catalytic process, in the second step involves hydrogenation of 

unsaturated oligomers. The molecular structure as depicted in Fig.5.1 (a) is a very 

uniform comb-like structure. Various properties such as high viscosity index, lower 

pour point, better thermal, and oxidation stability are superior when compared with 

mineral-based oils. The commercially available Molyvan 855 was received from the 

Vanderbilt Chemicals, LLC, as a free sample for our research work.  

The molyvan 855  is an excellent oil-soluble molybdenum, each component works as 

a friction modifier/frictional reducer with better anti-wear and anti-oxidant properties, 

does not contain sulfur or phosphorus elements, and used in lubricants. Fig. 5.1(b) 

shows the chemical structure of Molyyan 855, having four components, and the MO 

group is responsible for the adequate friction-reducing agent.  BYK Additives and 

Instruments provided the free sample of claytone APA  for our present work, and the 

chemical structure is shown in Fig.5.1(c). Claytone APA is modified montmorillonite 

used as a rheology modifier additive generating excellent properties such as soft 

sediment and anti-settling agents. The recommended application of this clay in paints, 
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inks, and adhesives. Claytone APA is self-activating and readily dispersible for low to 

high polarity systems which includes alcohols, esters, and glycols.  

 

 

 

 

 

 

 

 

Fig.5.1 Chemical structure of (a) poly-alpha-olefin oil (Exxon Mobil Chemical Co) 

(b) molyvan 855 (R.T.Vanderbilt chemicals) (c) claytone APA 

 

5.3 Results and Discussion 

5.3.1 SEM and EDS Analysis 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.2  Micrographs of (a) pure CIPs, (b) EDS analysis, (c) claytone APA, and (d) 

CIPs/claytone APA  
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Fig. 5.2(a) represents the morphology of the CIPs, which possess smooth surfaces and 

are spherical in shape. The energy dispersive spectroscopy of the pure CIPs shows 

that they have Fe (99.02 %) and O (0.11 wt %) present with strong intensities. Fig. 

5.2(b) confirms that the CIPs are soft magnetic. Fig. 5.3(c) of the raw claytone APA 

shows an agglomerated structure with a surface abundant in folds. Fig. 5.2(d) shows 

that claytone APA occupies the interspaces between the CIPs or is attached to the 

CIPs,  which reduces the sedimentation rate of the claytone APA- based MRFs.  

 

5.3.2 VSM Analysis  

 

 

 

 

 

 

 

 

 

 

 

Fig.5.3 Hysteresis loop of liquid samples from the VSM measurements   

 

Fig. 5.3 shows the plot magnetization versus applied magnetic field (M vs. H) curve 

of the CIPs and CIPs/claytone APA-based MRFs, which were measured using the 

vibrating sample magnetometer in the applied magnetic field varying from −15000 to 

15000 (Oe) at room temperature. The magnetic saturation (Ms) of the pure CIPs MRF 

was found to be 146.53 emu/g higher than that of CIPs/claytone APA (55 emu/g). The 

M vs. H curves indicate a big difference in saturation magnetization. Due to the 

presence of claytone APA additive, possess weak MR effect due to reduction in 

saturation magnetization compared with pure CIPs based MRF (Sidpara et al. 2009b). 

In the case of additives added based MRFs, the effect of 1wt.% of Claytone APA and 
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1 wt.% Molyvan 855 additive are added while preparing MRFs suspension. On the 

other hand, these magnetic saturation differences are related to differences in the 

densities of magnetic CIPs in the samples. The density of CIPs in the liquid samples 

was less than for the bare CIPs because they are dispersed in a liquid suspension. In 

other words, the actual mass of CIPs in the liquid samples was smaller than 

(CIPs+PAO+claytone APA), so the calculated saturation magnetizations (emu/gm) 

are reduced. Table 5.1 shows the properties of both the MRF samples by VSM 

analysis.   

Table 5.1 Magnetic Properties of the Prepared MR Fluid Samples 

 

5.4 Rheology Analysis 

Fig.5.4 (a) represents shear stress versus shear rate ranging from 0.01 to 500 [1/sec] 

on a log-log scale for pure CIPs (closed symbols) and CIPs/claytone APA (open 

symbols)- based MRFs subjected to different magnetic field strength (0 to 255 kA/m) 

measured by a rotational twin drive MCR-701 Rheometer. It was found that in 

absence of magnetic field strength, the shear stress of the CIPs and CIPs/claytone 

APA MRFs  exhibited a non-linear relationship and increases with shear rate which 

exhibits typical of non-Newtonian fluid behaviour. This might be due to the high 

particle concentration and residual magnetization of CIPs. With increasing magnetic 

field strength, the shear stress of the both pure CIPs and CIPs/claytone APA MRF 

also increased. Fig. 5.4(a) indicates that at (255kA/m) magnetic field strength is 

imposed, the shear stress values were about 15,100 Pa and 10,200 Pa for pure CIPs 

and CIPs/claytone APA MRF samples at a maximum shear rate of 500s-1, 

respectively. Both the MRF samples represented typical Bingham plastic model fluid 

behaviour when the magnetic field strength was applied as given by Eq. (5.1). This 

Parameters CIPs-based MRF CIPs/claytone APA MRF 

Coercivity (emu/g) 386.46 351.14 

 Magnetic saturation (emu/gm) 146.12 55.24 

Maximum field (oe) 15,000 15,000 

Retentivity (emu/gm) 0.10795 0.001417 
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was due to the formation of a robust column particle structure because of the dipole-

dipole interaction between the adjacent magnetic particles under the application of the 

magnetic field (Kwon et al. 2013).  

τ = τy + ηpγ̇ ,  τ ≥ τy,             γ̇ = 0,   τ ≤ τy.                                                      (5.1)                                           

Where 𝜏𝑦 represents the dynamic yield stress �̇� given by shear rate, τ represents the 

shear stress, and ηp is the plastic viscosity. 

 

Fig.5.4 Rheology flow curves (a) shear stress (b) viscosity as a function of shear rate  

Fig. 5.4(b) clearly shows that the viscosity of the pure CIP MRFs is slightly lower 

than that of the CI/claytone APA MRF at zero magnetic field strength. The viscosity 

decreasesd due to the change in the internal structure under shear deformation. It was 

due to the shear-thinning behavior effect for both the MRF samples. When the 

magnetic field was further increased, the free rotation of the magnetic particles was 

restricted, which increased the shear viscosity of the MRF samples due to the 

formation of  chain-like structure.   

The relationship between the field-dependent dynamic yield stress and the strength of 

the magnetic field was fitted by the third-order polynomial equation and depicted in 

Fig. 5.5(a). A polynomial equation was extracted from this graph to evaluate the yield 

stress for any arbitrary value of magnetic flux strength between 0 and 255 KA/m. 

Equation (5.2) was obtained from the least square curve fitting method, wherein the 
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third-order model provided accurate values with the adj-R2 values fit method. 

Particularly at zero magnetic field strength, the yield stress values are positive values 

as observed from Table 5.2 

                                           𝜏𝑦 = 𝑎 + 𝑏𝐻 + 𝑐𝐻2 + 𝑑𝐻3                                               (5.2) 

Where, 𝜏𝑦 is field-dependent yield stress (Pa), H is magnetic field strength in kA/m, 

and a, b, c, and d are the fit constants.  

Table 5.2 Optimal parameters of CIPs and CIPs/claytone APA MRF 

Sample name a b c d adj-R2 

CIPs MRF 37.388 60.128 0.03793 -1.7416210-4 0.99 

CIPs/claytone 

APA MRF 

199.108 35.48 0.06656 -2.1958910-4 0.99 

A time-dependent field-induced shear stress measurement was performed for pure 

CIPs and CIPs/claytone APA MRF, as shown in Fig. 5.5, (b) as a Region I for off-

state, Region II for on- state, and Region III for off- state. From interval-I / Region I, 

it can be observed that the magnetic field is in off-state condition, and the exhibited 

value of the pure CIPs MRF shear stress was to be found to be lower than that of 

CIPs/claytone APA MRF. 

 

 

Fig.5.5 (a)Dynamic yield stress as a function of magnetic field strength (H), and (b) 

shear stress versus time at a constant shear rate γ ̇=100s-1.The MRF of shear stress 

versus time in three different regions.  
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In Region II, the magnetic field present was in on-state condition, i.e., 127.5kA/m, 

and the value of the pure CIPs shear stress was higher than that of CIPs/claytone APA 

MRFs. The shear stress increased rapidly due to the polarization force of the dipole-

dipole interaction of the magnetic particles, which build robust column structures for 

both the MRFs. It can be seen from region III after the magnetic field was removed in 

the  time 400s to 600s, Since the time scale of the data acquisition was much faster 

than relaxation time after the magnetic field was turned off, it was observed that there 

an immediate decline of shear stress curve CIPs MRFs was sinusoidal when 

compound is the CIPs/claytone APA MRFs. The decrease of shear stress with time 

was thought to be related to the effect of remanent magnetization, when the magnetic 

field was at off condition. As a result, column structures formed have not been 

broken, or the new aggregates might have formed, which indicates the high 

concentration of CIPs in the MR fluid (Yang et al. 2018). This phenomenon also 

demonstrated in the inset figure the reversible transformation of microstructure 

formation of MRFs at off/on/off regions 

 

5.5  Sedimentation Analysis  

Fig.5.6 (a) Sedimentation versus time in (hrs), and (b) MRF poured after complete 

settling of pure CIPs and CIPs MRF 
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Fig.5.6 (a) shows the sedimentation rate of the two types of MR fluids inspected 

visually. Both the prepared MRFs were poured into a 10 ml cylinder, as seen in Fig. 

5.6(b), which shows the complete settlement of the MRFs in 7 days.  The CIPs MRF 

settled down rapidly during the initial period and finally reached a stable value of 

60.5%. Subsequently, the sedimentation ratio of the CI/claytone APA MRF became 

slow due to the presence of additives and the friction reducer, which in turn slowed 

down the settling velocity of the CIPs, and the sedimentation ratio gradually reached a 

stable value at 82%. On the other hand, the CI/claytone APA MRF demonstrated a 

better sedimentation ratio than the pure CIPs MRF until 168 hrs. To find the 

sedimentation ratio, the equation commonly applied for MRFs is given by Eq. (5.3). 

                                             𝑅% = (Α Α + 𝐵⁄ ) ∗ 100)                              (5.3) 

 Where, R represents the sedimentation ratio, b is the height of the sedimentation 

MRF, and (A+B) represents the total height of the MRF. 

 

5.6 MR Damper Performance of CIPs filled MRF 

Fig. 5.7 shows the damping force phenomenon of the CIPs filled MRF for the first 

time with a peak-peak displacement of 5 mm and a frequency of 1.5 Hz.  Fig. 5.7(a) 

indicates that on the first day, the MR damper performance showed off-state 

conditions, and the rebound and compression phase values of the damping force 

properties were +104.48 N and −114.16 N, respectively. At on-state conditions of 0.4 

A, the rebound and compression damping forces increased to +133.64 N and −144.59 

N, respectively. Fig. 5.7(b) shows that after 24 hours, the CIPs MRF sedimentation in 

the MR damper performance showed off-state (absence of magnetic field I=0A) 

conditions, and the rebound and compression values of the damping force were 

+89.37 N and −102.12 N, respectively. In on-state (presence of magnetic field I=0.4 

A) condition, the rebound, and compression damping forces increased to +117.59 N 

and −132.34 N, respectively. 

From Fig. 5.7(c), it was found that after 72 hours, the CIPs MRF sedimentation in the 

MR damper performance showed off-state conditions, and the rebound and 

compression damping force values were +72.25 N and −87.92 N, respectively. At on-

state condition of 0.4 A, the rebound and compression damping forces increased to 
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+107.43 N and −111.18 N, respectively. These results suggest that variation in 

damping force, as listed in Table 6.3, is higher than the reported values when the 

applied current was increased from 0 to 0.4 A. It should be noted that the rebound and 

compression damping force reduces largely as the number of sedimentation days was 

increased in the CIPs filled MRF 

Fig.5.7 Experimental damping force versus displacement of CIPs MRF (a) 0, (b) 24, 

(c) 72 hours, and (d) energy dissipation for 0 and 0.4A at different sedimentation days 

The energy dissipation (Ed) values can be calculated using the area enclosed under 

force vs. displacement loop. It dissipate more energy as applied current increases, as 

shown in Fig. 5.7(d) and equivalent damping coefficient (Ce) is given by Eq. (5.4) and 

(5.5) (Snyder et al. 2001). Also, the energy dissipation decreases as the period of the 

MRFs in the damper increases due to the effect of the gravitational settling of the 

CIPs in the MRFs (Hemanth et al. 2017).                    

                                                        𝐸𝑑 = ∫ 𝑓(𝑡)𝑑𝑢                                                  (5.4) 
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                                             𝐶𝑒 =
𝐸𝑑

𝜋𝑓𝐴2                                                                  (5.5) 

Where A represents amplitude in (m), f is given by frequency (Hz), and F is the 

damping force (N).  

Table 5.3 Damping characteristics of MR Damper CIPs based MRF for Different 

settling times 

Rebound 

Damping 

Force 

(0A) 

FRe(N) 

Compression 

Damping 

Force (0A) 

FCo (N) 

Rebound 

Damping 

Force (0.4 A) 

FRe(N) 

Compression 

Damping 

Force  (0.4 

A) FCo(N) 

Frequency 

Range 

(Hz) 

Sedime

ntation 

Time 

(Hours) 

104.48 114.16 133.64 144.39 1.5 0 

89.37 102.12 117.59 132.34 1.5 24 

72.25 77.92 107.43 111.18 1.5 72 

 

5.7 MR Damper Performance of CIPs/claytone APA- filled MRF 

Fig.5.8 shows the damping force phenomenon of the displacement loop behaviour 

properties of the CIPs/claytone APA MRF for the first time by filling in a damper 

with peak-peak displacement amplitude of 5 mm and frequency of 1.5 Hz.  Fig. 5.8(a) 

indicates that on the first day, the MRF damper performance showed off-state 

conditions (0A), and the rebound and compression damping force values were 

+97.22N and −134.76 N, respectively.  

At on-state conditions (0.4 A), the rebound and compression phase damping forces 

increased to +116.88N and −144.59 N, respectively. Fig. 5.8(b) shows that after 24 

hours, the MRF sedimentation in the MR damper performance showed off-state 

conditions, and the rebound and compression values of the damping force were 

+94.21N and −99.26 N, respectively. At the on-state condition of 0.4 A, the rebound 

and compression damping forces increased to +108.55 N and −115.12 N, respectively. 

Fig. 5.8(c) indicates that after 72 hours, the MRF sedimentation in the MR damper 

performance showed off-state conditions, and the rebound and compression values of 
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the damping force were +80.57 N and −82.61 N, respectively. At the on-state 

condition of 0.4 A, the rebound and compression damping forces increased to +88.90 

N and −94.74 N, respectively. Fig.5.8(d) indicates that the energy dissipation bar 

graph can be calculated using Eqs. (10) and (11). The CIPs/claytone APA-based MRF 

in the damper energy dissipated less, damping force was slightly lower as the number 

of sedimentation days increased than the CIPs based MRF damper. Table 5.4 

indicates that the damping force of rebound and the compression strokes of the 

CIPs/claytone APA MRF-based damper at different sedimentation against time 

intervals was higher than the reported value.  

 

 

 

 

 

 

 

 

 

 

Fig.5.8 Experimental damping force vs. displacement loop of CIPs/claytone APA 

MRFs (a) 0, (b) 24, (c) 72 hours, and (d) energy dissipation for 0 and 0.4A at different 

currents  

Table 5.4 Damping characteristics of MR Damper CIPs/claytone APA MRF for 

different settling times 
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Rebound 

Damping 

Force 

(0A) 

FRe(N) 

Compression 

Damping 

Force (0A) 

FCo (N) 

Rebound 

Damping 

Force (0.4 A) 

FRe(N) 

Compression 

Damping 

Force  (0.4 A) 

FCo(N) 

Frequency 

Range 

(Hz) 

Sedime

ntation 

Time 

(Hours) 

97.22 134.76 116.88 144.29 1.5 0 

94.21 99.26 108.55 115.12 1.5 24 

80.57 82.61 88.90 94.74 1.5 72 

 

5.8 Summary 

In this work, a new MRF based on claytone APA was proposed to reduce 

sedimentation problems and its properties were validated using a shear mode MR 

damper. The damping force of the MR fluid using the claytone APA particles, which 

was measured as a function of time, displacement and velocity, respectively, was 

lower than that of the MR fluid using the pure CIPs. At the same applied magnetic 

field strength, the damping characteristics of the two MR fluids were found to be 

directly related to their yield stresses obtained. The applied magnetic field strength 

varied from 0 to 255 kA/m and rheological measurements were obtained for the 

proposed MRF, the shear stress values were about 15,100 Pa and 10,200 Pa for pure 

CIPs and CIPs/claytone APA MRF samples at a maximum shear rate of 500s-1, 

respectively. The CIPs MRF settled down rapidly during the initial period and finally 

reached a stable value of 60.5%. Subsequently, the sedimentation ratio of the 

CI/claytone APA MRF became slow due to the presence of additives and the friction 

reducer, which in turn slowed down the settling velocity of the CIPs, and the 

sedimentation ratio gradually reached a stable value at 82%. 
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CHAPTER-6 

INFLUENCE OF DIFFERENT FUMED SILICA BASED MRF FOR 

SEDIMENTATION EFFECTS                                                                                                      

This chapter deals with the influence of varying specific of surface area particles of 

fumed silica. Hydrophobic, and hydrophilic fumed silica mixed in silicone oil as a 

thixotropic additive on carbonyl particles based magnetorheological fluids (MRFs) 

were prepared. Scanning electron microscopy analysis confirmed the fumed silica 

particles attached to the surfaces of CIPs. The vibrating sample magnetometer result 

showed that the  MRF4 and 5 have a better magnetic saturation value of 30.12 

emu/gm and 40.12 emu/gm, respectively. The experimental rheological flow curve 

behaviours were investigated using the magnetorheometer. The Herschel–Bulkley 

rheological model was found to be in good agreement with the experimental curves 

and suggested shear thinning property was observed. The results showed that the 

hydrophilic silica with larger surface area type presented (i.e.MRF 4 and 5) better 

magnetorheological fluid characteristics in terms of shear stress, with a high value of 

dynamic yield stress, and have much-improved sedimentation ratio up to seven days. 

6.1 Introduction 

A previous literature survey suggests that is an important additives fumed silica, 

which acts as a hydrogen bonding thixotropic additive which stabilize the MRFs 

longer time. Firstly, Lim et al. (2004) studied about 80 wt.% of CIPs with 3 wt.% 

fumed silica suspended in mineral oil-based MRF and proved that the sedimentation 

ratio greatly improved to about 99% up to 800 hours. M. Kciuk et al. (2009) studied 

MRFs prepared with different types of carrier fluid viscosity mixed with different 

proportions of CIPs and 1 wt. % fumed silica as a stabilizer. Jinhuan Xu et al. (2018) 

showed the effect of varying concentrations of fumed silica on rheological and 

polishing characteristics of carbonyl-based MRFs. J. de Vicente et al. (2003) 

discussed CIPs based MRFs and silica nanoparticles as a stabilizer that prevented the 

aggregation between the particles . S. Alves et al. (2009) discussed the effect of 

various types of fumed silica in which MRF with 0.80 wt.% of additive and 79.36 
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wt.% of CIPs was dispersed in 19.84 wt.% of nujol oil, and its rheological properties 

at off and on-state conditions were discussed. In another work, all these previous 

studies showed that fumed silica is a promising thixotropic additive and plays 

important role in slowing down the particle settling in MR fluids. However, the effect 

of hydrophobic and hydrophilic fumed silica on the silicone oil-based magneto 

rheological fluids behaviour has not been studied. In the present work, additives-free 

MRFs and additive mixed MRFs containing with the four different grades surface 

areas of fumed silica, varying particle size, hydrophobic, and hydrophilic surface 

nature of silica particles mixed in silicone oil along with carbonyl particles were 

stduied. Also, the rheological, magnetic saturation and sedimentation properties were 

compared with the additive-free MRF sample. The experimental flow curves of the 

prepared MRFs were fitted using the Herschel–Bulkley (H-B), Bingham-Plastic (B-

P), and Casson rheological models. 

 

6.2 Results and Discussions 

6.2.1 Particle morphology using SEM analysis  

Fig. 6.1 depicts the SEM images of pure CIPs and different grades of fumed silica 

mixtures with CIPs. Fig.6.1(a) shows that pure CIPs have a smooth surface and a 

spherical shape with particle size varying from 6 to 8 microns. On the other hand, 

Fig.6.1(b)-(e) illustrates the surface images of a mixture of FS-CIPs, showing that the 

particle appeared as gel-like surface. In this case, fumed silica additive particles 

coated and the CIPs and all the fumed silica particles occupied the interspaces among 

the CIPs due to relatively smaller size, so that they act as one component. In this way, 

the added FS particles restrained the direct contact of the CIPs and evenly distributed 

over the surface of the CIPs. This additive coating prevented the particles from 

agglomerating and reduced the apparent density of the CIPs, thereby reducing the 

sedimentation rate (Liu et al. 2013). As shown in Fig.6.1(c) the particle size 

distribution curve was obtained from Image J analysis. The particle size of the fumed 

silica was approximately three times less than the CIPs so that it maintained better 

CIPs to additive size ratio and increased the affinity on the surface of the CIPs 
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Fig.6.1 Micrographs using Scanning Electron Microscope - (a) Pure CIPs, (b) CAB-

O-SIL® TS-720/CIPs, (c) TS-610/CIPs, (d) Hi-Sil 233/CIPs silica, and (e) Sigma-

Aldrich/CIPs mixtures  Note- (S/A) Surface Area (m2/g)  

6.3.1 Fourier-transform infrared spectroscopy FTIR (Analysis) 

Fig. 6.2 displays the FT-IR spectra of MRF1 (a), MRF2 (b) MRF3 (c) MRF4(d), and 

MRF5 (e) samples to analyze their chemical structure in the wavenumber range of 

500–4000 cm−1. All individual samples were mixed to make pellets with KBr. Fig. 6.2 

(a) (b), (c) (d), and (e), show one large band at 3425 cm−1 which is assigned to O–H 

stretching vibration from hydroxyl groups (Ni et al. 2010). As can be seen from 

Fig.6.2(a), the stretching vibration of C–H is corresponds to two broad bands, which 

https://www.sciencedirect.com/science/article/pii/S0927775717303485#fig0025
https://www.sciencedirect.com/science/article/pii/S0927775717303485#fig0025
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are located at 2926 and 2851 cm-1. The peak at 1632 cm-1 is attributed to the adsorbed 

water and structural hydroxyl groups, which is the characteristic of the bending 

vibration of (H–O–H). As shown in Fig.6.2(b), (c) (d), and (e), strong bands were 

observed at approximately 1104 cm-1, attributed to asymmetric stretching of Si–O–Si 

and symmetric stretching of Si–O–Si bonds (Chae et al. 2012). Therefore, the 

characteristic peaks of both CIPs and SiO were present in the spectrum for the MRF2, 

3, 4, and 5 samples which indicates the successful presence of the silica on the surface 

of the CIPs. 

 

 

 

 

 

 

 

 

 

 

Fig.6.2 FT-IR spectra of MRF1 (a), MRF2 (b) MRF3 (c) MRF4 (d), and MRF5 (e) 

samples 

6.3.2 Energy dispersive spectroscopy (EDS) analysis 

Fig.6.3 depicts the chemical compositions of CIPs after adding different fumed silica 

concentrations which are characterized by EDS. Fig.6.3(a) shows that the EDS study 

suggested a high with strong peak intensities of Fe ion content of pure CIPs (97.85 

wt.%). As shown in Fig.6.3.(b). (c),(d) and (e), peaks of Fe ion content peak 

intensities are reduced slightly in MRF2,3,4, and 5 samples to 95.03 wt.%, 95.10 

wt.%, 92.67 wt.%, and  93.17 wt.% respectively. In our analysis, an increase of 

carbon content in MRF2,3,4 and 5 samples 2.02 wt.%,2.12 wt.%, 3.10 wt.%, and 2.91 

https://www.sciencedirect.com/science/article/pii/S0927775717303485#fig0020


102 

 

wt.%, respectively was seen. These increased content of carbon indicates the presence 

of the fumed silica on the surface of CIPs. On the other hand, the CIPs/fumed silica 

particles based MRFs contained a small content of Si ions along with Fe ions due to 

surface modification of fumed silica coating on the CIPs surface(Park et al. 2009) 

 

 

 

 

 

 

Fig.6.3 EDS spectra (a) Pure CIPs, (b) CAB-O-SIL® TS-720/CIPs, (c) TS-610/CIPs, 

(d) Hi-Sil 233/CIPs silica, and (e) Sigma-Aldrich/CIPs mixtures 

. 
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6.2.4 VSM analysis  

 

  

 

 

 

 

 

 

 

Fig,6.4 VSM hysteresis curve  

The magnetization hysteresis curves of MRF1, 2, 3, 4, and 5 samples in the liquid 

state were measured via VSM at room temperature in a magnetic field range of -

15,000 Oe to 15,000 Oe as shown in Fig. 6.4. The saturation magnetization (Ms) value 

of MRF1 is 132.42 emu/gm, and the coercivity and retentivity values are 382.95 

emu/gm and 0.6173Oe, respectively. The Ms values of MRF2, 3, 4, and 5 are smaller 

than that of MRF1 because of the presence of fumed silica, residual magnetization, 

and density of CIPs in the liquid was reduced which decreased the saturation 

magnetization value. Also, while the fumed silica surface area is less then the Ms 

value decreases largely in the case of MRF2 and 3, whereas high surface area fumed 

silica MRF 4 and 5 exhibited better Ms. Also, it is probable that a more uniform 

particle size distribution led to homogeneous mixing and strong structure in the MR 

fluid when the magnetic field was applied. This behaviour could be explained that 

greater magnetostatic interaction between the larger surface area particles. Increasing 

the specific surface area dimension and bigger particle size of silica particles 

contributed to the enhancement of the magnetic saturation of the MRF4 and 5 samples 

in the applied magnetic field range. The coercivity, retentivity, and magnetic 
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saturation of MRF1, 2, 3, 4, and 5 samples are shown in Table 6.1 (Chand et al. 

2013).      

Table 6.1 Magnetic characteristics of prepared MRFs 

Parameters/unit MRF1 MRF2 MRF3 MRF4 MRF5 

Coercivity (Hc) (Oe) 382.95  419.21 371.42 385.93 370.44 

Magnetic saturation (Ms)  132.42 12.597 19.9480 30.966 40.006 

Retentivity (Mr) (T) 0.61713 0.00713 0.10717 0.28992  0.3314 

6.2.5 Surface tension and contact angle investigations 

 

Fig.6.5 Pendent drop method (a) surface tension, (b) contact angle 

Fig.6.5(b) and (c) show the surface tension and contact angle values of MRF samples. 

However, the main difference was observed in MRF2, 3, 4, and 5 samples with 

surface tension and contact angle values  more than the MRF1 samples. In contrast, it 

is due to the fumed silica added along with silicone oil which increased the viscosity 

of the MRFs. On the other hand, the dispersive component became dominant after the 

fumed silica was added, resulting in better wetting of particles with silicone 

oil(Sedlacik and Pavlinek 2014). In addition to that the hydrophilic and hydrophobic 

fumed silica particles with lower surface area gaves higher surface tension i.e. (MRF2 

25.09 mN/m) (MRF4 27.9 mN/m), and contact angle values i.e. (MRF2 49.79°) 

(MRF4 68.1°) higher than the larger surface area of fumed silica particles i.e. (MRF3 

24.44 mN/m) (MRF5 24.42 mN/m) (i.e. MRF3 43.9°), and (MRF5 51.1°). 

Nevertheless, hydrophobic and hydrophilic silica with low surface area particles has 

become more interactive in silicone oil and it provides better compatibility of MRFs. 
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6.2.6 Viscosity flow curve analysis 

 

 Fig.6.6 Flow curve experiments of viscosity dependence on shear rate (a) 0kA/m, (b) 

86kA/m, (c) 172kA/m, and (d) 343kA/m at four magnetic fields applied.  

Fig.6.6 shows viscosity curves under different magnetic field strengths applied as a 

function of the shear rate ranging between 0.01 to 700 (1/s) for MRF1, 2, 3, 4, and 5 

samples. It shows that with the increase in magnetic field strength the viscosity of the 

samples also increased. It becomes evident that CIPs in the MR fluid form strong 

column-like structure because of dipole interactions near the particle with an applied 

magnetic field. As shown in Fig.6.6 (a), at zero magnetic field strength (i.e.,0 kA/m), 

the viscosity of MRF2, 3, 4, and 5 samples exhibit a higher value than the MRF1. It is 

a known fact that due to the addition of the fumed silica (FS) additive particles helps 

to make MRFs polydisperse and impacts on the off-state viscosity. Different magnetic 

fields applied as shown in Fig.6.6 (b)-(d), the MRF2 and 3 containing hydrophobic 

fumed silica show smaller values of viscosity values than the hydrophilic type silica-
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based MRF4 and 5 samples. These silica particles have lower hydrogen bonding sites 

due to the lower surface area, and smaller particle size, which reduced the hydroxyl 

population, lessened the ability to form inter-aggregate hydrogen bonds and hindered 

the particles in the MR suspension, resulting in the reduction of viscosity. 

Furthermore, a decrease in viscosity observed in all the prepared MRF samples 

emphasized the shear thinning behavior, as typically observed in a non-Newtonian 

fluid (Kwon et al. 2018). The shear-thinning phenomenon was attributed  to the 

changes in the internal structure under a robust column structure under shear 

deformation (Ginder et al. 1996). 

6.2.7 Shear stress flow curve analysis  

Fig. 6.7 shows the experimental shear stress flow curves at different magnetic field 

strengths (i.e. 0,86,172, and 343 kA/m)  applied using a rotational type rheometer of 

about 0.01-700 s-1 shear range. All the MRFs samples signify plateau behavior of 

shear stress over the entire range of applied shear rate. As shown in Fig 6.7.(a), the 

MRF1, 2, 3, 4, and 5 samples exhibited a typical non-Newtonian type fluid at zero 

magnetic field applied due to the dense volume concentration of CIPs. In contrast, 

Fig.6.7 (b)-(d) indicates that by applying magnetic fields, the shear stress of MRF2, 3, 

4, and 5 samples increases with increasing magnetic field strength because of 

attractive force between the particles, and it can be seen that shear stress curves of the 

additive added samples (i.e. MRF2, 3, 4 and 5) are lower than the additive-free 

sample (i.e. MRF1) at all the magnetic field strength (i.e.86, 172, and 343 kA/m). 

These results could be explained by the presence of specific interactions of non-

magnetic fumed silica particles interacting with the CIPs. As the silica particles 

adsorbed on the surface of CIPs filled the gaps which avoid direct interaction between 

neighbouring CIPs, it decreased bulk magnetic property, thus the shear stress was 

reduced (Kim et al. 2011). In particular, MRF4 and 5 samples containing the 

hydrophilic fumed silica-base with larger surface area that showed higher shear stress 

than the hydrophobic type i.e. MRF 2 and 3. In contrast, it was due to the cross-

linking network formed by the silica particles via strong hydrogen bonding and the 

bigger size of the particles. On the other hand, due to dipole-dipole interaction 
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between the CIPs,  a robust chain-like structure in the MRFs was established (Kim et 

al. 2012a).  

 

 

Fig.6.7 Experimental flow curves at different magnetic field strengths of (a) 0, (b) 86, 

(c) 172, and (d) 343 kA/m. 

Three constituent rheological models were initially selected to assess the yield stress 

of the MRFs. The Bingham fluid model is widely used in MR fluids. The two major 

parameters, i.e., the shear stress τ  and η0 represent the shear viscosity used to assess 

the yield stress of the MRFs as given by Eq. (6.1).  

                τ = τy + ηoγ̇   τ >τy   γ̇ = 0 τ < τy                                               (6.1) 

where, τy represents yield stress associated with an applied magnetic field, no defines 

shear plastic viscosity, and γ̇ designates shear rate. The experimental flow curves 
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fitted using this model values are inconsistent with slight variation of Adj-R2 values, 

and the constant plastic viscosity statement is invalid as observed in Table 6.2.  

On the other hand, since the curves are non-linear as shown in Fig 6.6.(b)-(d), the 

Herschel-Bulkley model as given by Equation (6.2) was used to analyze the flow of 

the MR fluids, particularly at which flow behaviour index parameter measures the 

degree to which the MR fluid shear thickening (i.e., n>1) or shear thinning (i.e., n<1) 

was observed.   

τ = τy + k�̇�𝑛.                                                 (6.2) 

Where τ implies shear stress, τy indicates the yield stress associated with the magnetic 

field applied, and k and n are the consistency coefficient and flow behavior index, 

respectively. According to Table 4, it can be observed that all the prepared MRF 

samples suggest shear thinning behavior due to n value is less than 1. 

The Casson model, was fitted  and mainly used to explain the curve of the shear stress 

flow curve as shown in Equation (6.3) (Gabriel and Laun 2009)  

√τ = √τy + √η∞√γ̇.                                          (6.3) 

Where, η∞ defines shear viscosity at an infinite rate of shearing. The experimental 

flow curves are in good agreement with the Herschel-Bulkley, rather than the 

Bingham and Casson models, regarding Adj. R2 values shown in Table 6.2 

From Fig.6.7(a), it can be observed that the shear stress values of MRF1,2, 3, 4, and 5 

samples dramatically increased at different magnetic field strengths (i.e., 0, 86, 173, 

and 343 kA/m). There was a magnitude of the difference of the shear stress in MRF1 

compared with MRF2, 3, 4, and 5 samples at zero magnetic applied strength (i.e.,0 

kA/m). 
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Fig.6.7 Bar graph showing the comparison of (a) shear stress, (b) viscosity at a 

maximum shear rate of 700 (per sec), and (c) Dynamic yield stress as a function of 

different magnetic field strengths  

This is due to the addition of fumed silica particles, which create thixotropic silica gel, 

causing collision between the moving fumed silica particles freely in the carrier 

liquid, and the field-induced between the CIPs. Fig. 6.7(b) shows that the viscosity of 

the MRF2, 3, 4, and 5 samples at zero magnetic field strength (i.e.,0 kA/m) was 

higher than that of the MRF1 sample, due to the improved loading distance of the FS 

(fumed silica) particles related to the repellent forces between the CIPs. Due to the 

fumed silica surface with large surfaces of hydroxyl silicone, hydrogen bonds 

between these hydroxyls groups of fumed silica were formed, when fully dispersed in 

silicone oil, then the formed strong silica network structure. The dynamic yield stress 

as a function of the magnetic field strengths applied, on a log-log scale of the MRF1, 

2, 3,4, and 5 samples were obtained from the flow curves at the various magnetic field 
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strengths applied, as shown in Fig. 6.7. In general, the relationship between the 

magnetic fields and yield stress is represented by the power-law relationship as given 

in the following equation (6.4). It is well known that the τy developed in the MRFs 

increases with increasing applied magnetic field strength. 

                                                        τyα Hm                                                                    (6.4) 

Where, τy represents yield stress, H is magnetic field strength and the slope m of the 

dynamic yield stress line is 1.72 for all the MRFs. 

                                             𝜏𝑦𝛼 𝐻1.72                                                                     (6.5) 

The slope of this dependence indicates the mechanism of the column-like structure 

formation of magnetic particles. In addition to that slope values close to 1.72 is 

considered the intrinsic magnetic property and high-volume concentration of CIPs. 

On the other hand, MRFs properties are strongly affected by the saturation 

magnetization mechanism of CIPs and internal structure formation that takes place in 

the MRFs samples.  

 

6.2.8 Sedimentation analysis 

 Fig.6.8 shows the sedimentation experiments conducted on MRF1, 2, 3, 4, and 5 

samples. The MRFs were transferred into a 10 ml graduated cylinder to study the 

sedimentation by observing through naked eye and left to settle. The filled MRF 

samples having fixed CIPs 80 wt. % concentration and 3wt.% fumed silica along with 

silicone oil were placed under the static condition without disturbance. Using the 

fumed silica, the MRFs samples form a gel-like structure which limits the settling of 

iron particles in silicone oil. From Fig. 6.8(a), it can be seen that the MRF1 sample 

has a sedimentation ratio (86%), which decreases quickly during the first 24 hours. It 

may be due to the absence of the fumed silica additive. On the other hand, MRF2 and 

3 samples contain hydrophobic fumed silica particle have a lower surface area. The 

sedimentation slightly improved about 88%, and 97%, respectively. In the case of 

hydrophilic type, MRF 4 and 5 samples typically consist of larger surface area, and 

even after 166 hours sedimentation improved greatly by about 98% and 99%. It was 

duet this reason that the larger surface area of fumed silica provided maximum 

hydrogen bonding sites for three-dimensional network formations than the smaller 
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surface area fumed silica particle. The fumed silica particles surround the spherical 

CIPs, ensuring protection against the sedimentation in MR fluids. The probable cause 

leading to lower sedimentation ratio was that fumed silica is that sub-sized particles 

filled the gap between the particles reduced the apparent density of CIPs as confirmed 

by the SEM analysis. Fig.6.8(b) shows the final image of the MRFs samples for 

which sedimentation was completely settled after 166 hours. The MRF sedimentation 

ratio can be evaluated by using Equation (6.6) as follows. 

𝑅(%) =
𝐴

𝐴+𝐵
∗ 100  (6.6) 

Where, A represents the length of clear MRFs and B implies the length of the turbid 

part. Table 6.3 shows the compared values of the sedimentation ratio of the prepared 

MRFs samples. 

 Fig.6.8 Visual observation method (a) changes of sedimentation ratio with time,(b) 

final result of sedimentation MRF under static conditions 

Table 6.3 Sedimentation ratio of MRF samples by visual inspection 

MRFs samples   MRF1 MRF2 MRF3 MRF4 MRF5 

Sedimentation, R  (%) 86%  88% 97% 98% 99% 
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6.3 Summary 

The magnetorheological fluid (MRF) was prepared in the laboratory, and CIPs were 

mixed with silicone oil using different surface areas of hydrophobic and hydrophilic 

fumed silica (i.e., 120,130,150, and 250m2/g). The off-state viscosity of MR fluid can 

also be controlled by the amount of fumed silica in the system. The stability of the 

MR fluid was greatly improved by the addition of different fumed silica. On the other 

hand, from the test of the sedimentation rate of MR fluid samples, it is found that the 

sedimentation rate can be reduced using the proposed fumed silica different surface 

area fumed silica types. The results indicate that the MRF2 and 3 containing 

hydrophobic fumed silica show smaller values of viscosity values than the hydrophilic 

type silica-based MRF4 and 5 samples. In the case of hydrophilic type, MRF 4 and 5 

samples typically consist of larger surface area, and even after 166 hours 

sedimentation improved greatly by about 98% and 99%. One of the main technical 

contributions of this work is to find suitable specific surface area of the additives to 

achieve both the enhancement of the shear stress and the reduction of the 

sedimentation rate simultaneously.  
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CHAPTER-7 

SEDIMENTATION AND RHEOLOGICAL PROPERTIES USING 

DIFFERENT CARRIER FlUIDS 

The present chapter focuses on the preparation of MR fluid samples with three types 

of carrier fluids such as silicone, light paraffin and Poly-alpha-olefin (5, 30, and 400 

cSt) viscosity oils with 25% volume fraction of carbonyl iron particles and 3% fumed 

silica as a thixotropic agent to improve sedimentation of the MR fluid. The 

morphology, magnetic saturation, and phase of the carbonyl iron particles were 

investigated using Field Emission Scanning Electron Microscopy (FESEM), 

Superconducting Quantum Interference Device (SQUID), and X-ray diffraction 

(XRD) respectively. The obtained powder particles were spherical having a high 

magnetic saturation of 270 emu/gm. The prepared MR fluids rheological properties 

were tested using Anton Paar MCR702 Twin drive rheometer fitted with a magneto-

rheological module. Sedimentation stability was examined by direct observation.  

7.1 Introduction 

In this chapter, preparation of MR fluid sample was done with three different carrier 

liquids like Silicone (5cst), light paraffin (30cst), Poly-alpha-olefin 400 (cst) oil of 

different viscosities with 25% volume fraction of carbonyl iron particles was done. 

The previous study suggests that 3% fumed silica as a thixotropic agent forms a 

network through hydrogen bonding for improving stabilization of the MR fluid. These 

specific relative volume fractions of the MR fluid fumed silica particles, and carbonyl 

iron particles were preferred due to their high sedimentation stability, as demonstrated 

in literature. 

7.2.Experimental 

7.2.1 Preparation of MR fluid 

The constituents required for preparation of the MR fluid are: fumed silica (0.2-0.3 ) 

μm surface area 200m2/g ± 25 m2/g (aggregate) (Sigma Aldrich) mixed using 

homogenizer and stirring for about 15 min in silicone oil (Sigma Aldrich), light 

paraffin oil (Spectrum chem. Pvt. Ltd) and Poly-alpha-olefin oil (Chemtura 
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Corporation) with a Specific Gravity of (0.96, 0.83 and 0.84 g/cm3) and viscosity 

range of (5, 30 and 400 cst.) respectively at until a homogeneous mixture is obtained. 

Thereafter, carbonyl iron powder particles with density, ρ=7.86 ×103 kg/ m3, CN 

grade, Avg particle size (2-9) microns are mixed in the oil solution using mechanical 

stirrer at 900 rpm for about 12 hours. In the present work, the 3 types of MRF samples 

are designated by MRF-1, MRF-2, and MRF-3 and their properties are shown in table 

7.1 

Table 7.1. Properties of prepared samples composition  

ID CIPs (vol. %) Carrier liquid (vol. %) 
Fumed silica 

(vol.%) 

MRF-1 25 Silicone oil   (5 cst)    72 3 

MRF-2 25 Light paraffin oil   (30 cst) 72 3 

MRF-3 25 Poly-alpha-olefin oil  400 (cst) 3 

 

7.3 Characterization 

The morphology of the carbonyl iron particles was examined by field emission 

scanning electron microscopy (FESEM, ZEISS ULTRA55,). The magnetic properties 

of carbonyl iron were studied through a superconducting quantum interference device 

(SQUID, MPMSXL5) magnetometer at room temperature with the applied magnetic 

field of 15kOe. The crystal structure of raw carbonyl iron particles was observed by 

X-ray diffractometer (XRD) (D max, Rigaku) with Cu/K-α radiation source (1.5418 

Å). The magnetorheological fluid properties were investigated by twin drive 

rotational rheometer (MCR702, Twin drive Anton Paar, India) connected with a 

magneto–cell (PS-MRD 180/1.2T, Anton Paar India) which produces a homogeneous 

magnetic field. A parallel plate measuring device dia 20 mm was   used   with   a gap 

of 0.3 mm at 400C.The suspension stability of CI/fumed silica based  MR fluids  was   

studied by direct observation method. 
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7.4.Results and Discussions 

7.4.Rheology flow curves 

The Rheometer MCR 702 Twin Drive consists of the stationary bottom plate and 

rotating top parallel plate with dia 20 mm with MRD cell (70/1T). The fluid sample 

was placed in the gap between the plates. Shear stress, viscosity for three different 

compositions like MRF-1, MRF-2, and MRF-3 were determined in the following 

manner. Fig.7.1 (a) and 7.1(b) represent the shear stress versus shear rate 1/sec) 

graphs and Shear stress versus the applied magnetic field in the range 0 to 0.9 Tesla at 

400c. The experiment was conducted with a magnetic field and without a magnetic 

field (i.e. off-state and on-state). Fig. 7.1 (a) shows a linear increase in shear stress 

with an increasing shear rate. When there is no magnetic field, the characteristics of 

the MR fluid become that of Newtonian fluid. The range of shear rate tested was from 

0 to 200 (γ = 1/sec). The results found that the shear stress obtained for MRF-1 and 

MRF-2 was relatively low, which inicates the low viscosity of the carrier base fluid. 

In the case of MRF-3, a shear stress limit was very high due to the high viscosity of 

the base fluid. When a magnetic field was applied, a different consequence appeared 

in Fig.7.1 (b). The shear stress increased with increasing applied magnetic field (i.e 0 

to 0.9T) for all three samples. The prepared MRF-1 shows higher shear stress 15000 

(Pa) as compared to that other MRF-2 12000 (Pa) and MRF-3 9000 (Pa) at a magnetic 

field of 0.9 Tesla. MR performances may  be affected due to particle size and  the 

surface morphology of MR particles. The MR fluids exhibited the Bingham plastic a 

minimum yield stress is needed for fluid flow behaviour shear stress under applied 

magnetic field strength, representing the stable chain structures of magnetized 

particles. The tables 7.3 and 7.4 show results found by the MR effect..  

Table 7.3  Properties of investigated MR fluids off-state rheology 

ID Shear stress 

(Pa) 

Shear rate 

 (1/sec) 

Temperature 

0c 

MRF-1 60 0-200 40 

MRF-2 125 0-200 40 

MRF-3 1400 0-200 40 
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Fig.7.1 Shear stress versus shear rate at different magnetic field strength (b)The 

response of the shear stress v/s   magnetic flux density at 400C and a constant shear  

rate of 100 (1/sec) 

Table 7.4 Properties of investigated MR fluids on-state rheology 

ID Shear stress 

 (Pa) 

Shear rate 

 (1/sec) 

Magnetic flux 

density (Tesla) 

Temperature0c 

MRF-1 15000 100 0-0.9 40 

MRF-2 12000 100 0-0.9 40 

MRF-3 9000 100 0-0.9 40 

 

7.4.5 Sedimentation stability of MR fluids 

To investigate the effect of sedimentation of MR with three different carrier liquids 

Sedimentary ratio (R) can be determined by pouring the magnetorheological fluid in 

10 ml of measuring cylinder without disturbance at room temperature. To evalute the 

sedimentation dispersion stability, the experiment was performed placing the MR 

fluid samples ideal for 750 h, and sedimentation rate of particles in MR suspension 

was taken at a regular interval. Sedimentation ratio can be defined as 

Sedimentation ratio (%) =  
Volume of a supernatant fluid 

Total volume of MR fluid 
× 100 
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  Fig.7.2 Sedimentation ratio curves three different carriers based MRFs 

Fig.7.2 shows the sedimentation curves of three different carrier-based MR fluids 

samples that were used for the examination of dispersion stability varying in treatment 

time ( i.e. MRF-1, MRF-2, and MRF-3). It is clear from Fig.7.2 that the MRF-3 based 

fluid lowest sedimentation ratio of 97% compared to MRF-1 and MRF-2 due to the 

high viscosity of the base oil. The inset figure shows the final results of the 

sedimentation after 800 h for MRF based suspensions 

 

7.5 Summary 

Three distinct carrier liquid loadings and viscosities (5, 30, and 400 Cst) were 

prepared using magnetic CIPs-based magnetorheological (MR) fluids. Rotational flow 

curves were used to measure the MR properties, which revealed non-Newtonian 

behaviour for all of the samples studied. The shear stress of silicone oil with 5 cSt was 

greatly improved in higher magnetic fields, according to experimental data. Under 

applied magnetic field strength, fluid with 3 vol.% fumed silica particle composition 

shows an exceptionally good response in all aspects of analysis, and the flow curve 

values match well with the Bingham plastic model. The sedimentation ratio was also 

explored to confirm the influence of various low viscosity-based fluids and fumed 

silica particles on MRF.  
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CHAPTER-8 

CHARACTERIZATION OF MANGANESE-ZINC FERRITE 

PARTICLE-BASED MAGNETORHELOGICAL FLUID AND 

THEIR SEDIMENTATION CHARACTERISTICS 

In this present study, three samples of magnetorheological fluid were prepared at 

three different volume concentrations of (i.e. 1=20, 2=25, and 3=30 vol.%). 

Manganese-zinc (Mn-Zn) ferrites were used as magnetic phase dispersed in silicone 

oil along with stearic acid as a stabilizer to reduce the sedimentation of particles. The 

characterization methods like Scanning Electron Microscopy (SEM), Energy 

Dispersive Spectroscopy (EDS), X-ray (XRD) diffraction, and Vibrating Sample 

Magnetometer (VSM) were used to study morphology, crystal structure, and magnetic 

saturation properties. It was found that Mn-Zn ferrite showed the plate-like shape, 

presence of small aggregation, and spinel structure in phase. The magnetic 

measurement showed the saturation magnetization (Ms) of 77.12 emu/gm at room 

temperature. To understand the MR behaviour, experimental flow curves shear stress 

(τ), viscosity (η), as a function of shear rate and frequency sweeps were measured at 

different magnetic field strengths applied (H) using a magnetorheometer with parallel 

plate arrangement. Furthermore, the yield stress could be well predicted under a 

magnetic field using the Herschel Bulkley, Bingham, and Casson fluid models. The 

MRF#20, #25, and #30 samples of suspensions  were observed by visual observation, 

the sedimentation ratio was significantly improved by the stearic acid from the 

carboxyl group mixing in silicone oil, which forms a gel-like structure that hinders the 

fast settling of Mn-Zn ferrites. 

8.1 Introduction 

In recent decades, magnetorheological fluid technology has improved and increased 

its demand in the research area of smart fluids materials due to its low driving 

magnetic fields, broad working temperature, and controllable properties. Typically, 

carbonyl iron particle (CIPs) based MRFs can demonstrate yield stresses in the range 

of 10-100 kPa under applied magnetic field flux density of the order of magnitude 1T. 

However, the frequent problem of CIPs based MR fluid is the tendency to settle down 
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over some time due to the high-density difference between particles (=7.86g/cm3) 

and carrier fluids (=g/cm3) which causes sedimentation and form a dense cake 

impossible to disperse which limits the use in major applications. To rectify these 

issues, significant attempts have been adopted by the researchers to avoid 

sedimentation, such as using surfactants, additives, inorganic/organic coatings, 

nanoparticles, and using viscoelastic carrier fluids. Spinel ferrites were used as good 

alternatives CIPs particle materials because of low density (4.3–4.8 g/cm3) of particles 

and unique magnetic behaviour which is an essential parameter for the preparation of 

stable MRFs. Some important studies have been made on high stable MRF than the 

iron particles-based MRFs that use the ferrite powder as reported by researchers such 

as calcium ferrite, zinc ferrite nanoclusters, and Ni–Zn ferrite powder(Patel et al. 

2017). Manganese zinc ferrites (Mn–Zn) as a typical example of spinel ferrites are 

preferred in many areas due to their high initial permeability, moderate saturation 

magnetization, as well as low losses, and relatively high curie temperature. It finds 

applications in magnetic sensors, transformer cores, inductors, and spintronic devices 

(Wang et al. 2017b).  

The present work deals with the preparation of MRFs and the effect of the varying particle 

volume concentration (ϕ) of Mn-Zn ferrite particles and stearic acid used as a stabilizer. 

Before carrying out the magnetorheological characteristics of the ferrite particles, 

structural and magnetic properties were investigated using scanning electron microscopy, 

vibrating sample magnetometer, and X-ray diffraction characterization techniques. 

Magnetorheometer was employed to investigate the relationship between shear stress, 

shear viscosity, and frequency sweep under different applied magnetic field strengths. The 

experimental results were fitted with the Bingham, Hershel Bulkley, and Casson 

model to obtain the shear yield stress under the equivalent applied magnetic field 

strengths. Finally, sedimentation experiments were conducted for prepared MRF 

samples at three different volume fractions and observations were made concerning 

time.   
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8.2 Experimental  

8.2.1 Materials and Preparation of MRF  

MRF was prepared as received Mn-Zn ferrites particles provided as a free of cost sample 

from (KIP Chemicals Pvt. Ltd is adding in silicone oil purchased from (Sigma Aldrich; 

=10 cSt; ρ = 0.96 g/cc−1), where  is kinematic viscosity, and ρ is the density of carrier 

fluid medium. The stearic acid (Sigma Aldrich) additive was added with 1 vol. % of into 

the MRF suspensions to inhabit the sedimentation of particles. MRFs were homogenized 

by mechanical mixing at 1000 rpm for 1 hour and followed by ultrasonication for 15 

minutes at room temperature.MRFs were labeled as MRF#20, MRF#25, and MRF#30, 

respectively, and will be referred to by the same Table 8.1 nomenclature henceforth. 

Table.8.1 The composition of MRF 

Samples 

 

Base magnetic particle 

(Mn-Zn ferrites) 

vol. % 

Carrier fluid 

(Silicone oil) 

vol. % 

Stabilizer  

(stearic acid) 

vol. % 

MRF#20 20% 79% 1% 

MRF#25 25% 74% 1% 

MRF#30 30% 69% 1% 

 

8.4 Results and Discussions  

Fig 8.1. (a) shows a scanning electron microscope micrograph of as received Mn–Zn 

ferrite sample. It can be seen that large and small particles attached with irregular 

shapes, as well as elongated plate-like shape, with the existence of soft agglomeration 

(Wu et al. 2012). Fig. 8.2.(b) shows the EDS spectra with sharp intensities of 

elements present like manganese, zinc, carbon, iron, and oxygen, and the absence of 

any impurities elements is observed from Mn–Zn ferrite powder (Anupama et al. 

2018). Also, the inset pie chart was drawn showing the atomic weight percentages 

of Mn-Zn ferrite samples.Fig.8.1. (c) shows a particle size distribution histogram 
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curve obtained from statistical analysis software Image J used to determine average 

particle size mean length calculated to be between 0.5 to 6 microns. 

8.4.1 SEM and EDS analysis 

 

 

 

 

 

 

 Fig.8.1 Micrograph of Mn-Zn ferrites (a) SEM (b) EDS analysis(c) histogram curve  

8.4.2 XRD analysis  

Fig. 8.2 represents the diffractogram of the Mn-Zn ferrite sample. The XRD pattern 

shows that the Mn-Zn ferrite sample has a pure spinel structure in phase. 

Characteristic diffraction lines peaks are indexed to planes of (2 2 0), (3 1 1), (4 0 0), 

(5 11) and (4 4 0) assigned to corresponding 2θ values of 29.17, 35.1, 43.1, 56.1, 

and 62.12, respectively. Also, the crystal structure contributions were found to be in 

good agreement with those reported for the Mn-Zn ferrite in JCPDS card# (74-2401). 

The mean crystallite size was 36.128 nm for Mn-Zn ferrite and was calculated using 

the Scherer formula(Holzwarth and Gibson 2011).   

                                                                 𝑑 =
𝐾𝜆

𝛽 cos 𝜃
                                                     (8.1) 

https://www.sciencedirect.com/topics/materials-science/crystallite-size
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Where, d  represents crystallite size, K is a dimension factor equal to unity, and 

β represents half-width of the relevant diffraction reflection, λ represents the  X-ray 

wavelength of Cu-K (-1.5406 Å) radiation and θ is the Bragg diffraction angle. The 

XRD pattern of Mn-Zn shown in Figure has been analysed employing profile 

refinement technique with the help of High Score Plus software suite. The Figure 

shows the experimental, calculated and residual XRD profiles for the Mn-Zn ferrite 

particles. The low value of χ2 (goodness of fit) equal to 1.231 and Rwp of 4.5234 % 

was achieved, which may be considered to be good for estimations. 

 

 

 

 

 

 

 

 

Fig.8.2 XRD pattern of Mn-Zn ferrites 

 

8.4.3 Mn-Zn ferrite magnetic properties using VSM  

The room temperature magnetization curve of the as-received Mn–Zn soft ferrite 

particles was measured using a vibrating sample magnetometer in the magnetic field 

range of 15000 Oe to -15000 Oe. The hysteresis loops did not show any magnetic 

saturation up to the maximum applied magnetic field of 2500 Oe resulting in a narrow 

hysteresis loop (low coercivity HC ≈ 58.12 Oe. The magnetic saturation value of Mn-

Zn ferrite particle reached (Ms) 77.98 emu/g at 10,000 Oe magnetic fields. As per the 

XRD results, there were some Fe and few cubic spinel phases in the sample, resulting 
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in weak magnetic properties. Therefore these samples exhibited poor ferromagnetic 

behaviour (Xu et al. 2019). The saturation results in Mn-Zn ferrites from VSM 

analysis indicated that they showed a good response to an external magnetic field, 

which could be potentially be useful for MRF. 

 

Fig.8.3 Magnetic hysteresis loop curve of Mn-Zn ferrite particles 

 

8.5 Rheological properties analysis 

8.5.1 Flow curves of shear stress  

Plot of shear rate versus shear stress for three MRFs samples was measured at three 

different magnetic fields (0 kA/m, 86 kA/m, and 343 kA/m) using magnetorheometer 

while the shear rate was varied between from 0.1 to 500 s-1 (as shown in Fig. 5). At 

zero magnetic field strength, the MRFs flow curve show that shear stress increases 

almost linearly, suggesting a typical Newtonian behaviour (see Fig. 5.a). The 

application of the magnetic field induces dipole-dipole interactions between magnetic 

particles, and causes formation of a chain-like structure in the MR fluid. On the other 

hand, as the Mn-Zn ferrite volume concentration increases, shear stress (τ) also 

increases for a particular magnetic field strength (H). (Fig. 8.4.b and c). 

https://www.sciencedirect.com/topics/physics-and-astronomy/magnetic-fields
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Fig.8.4 Dependence of shear stress, (τ) on the shear rate (�̇�) at different magnetic field 

strengths (a) 0kA/m (b) 86kA/m and (c) 343 kA/m for MRF#20  

Consequently, in MRF#30 sample the Mn-Zn ferrite concentration was high, these 

particle align a thick column and stronger chain-like structure leading to larger yield 

stress when compared to low concentration MRF#20 and 25 samples. It could be 

mentioned that  the values of shear stress of Mn-Zn ferrite-based MRFs are minimum 

due to the low saturation magnetization (77.18 emu/g). This is clearly observed from 

the VSM analysis. To determine the optimal parameters for the MRF samples, three 

different constitutive rheological model parameters were chosen. In this contrast, the 

most applied model to MRFs is a Bingham fluid model parameter given in Equation 

(1). Yield stress can be found by extrapolating the shear stress at zero shear rate, also 

defined as the lowest yield stress required for liquid flow. For example, the yield 

stress was calculated to be 998.12 Pa for MRF#30 at 343 kA/m.   

τ = τy + noγ̇       τ >τy      γ̇ = 0        τ < τy,                                                            (8.1)                                                                    

Where, 𝜏 indicates shear stress: τy implies yield stress, which is a function of  applied 

magnetic field,  γ̇ denotes the shear rate,  ηo refers shear viscosity at a high shear rate. 
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Table 8.2 indicates the optimal parameter values obtained from the model. It can be 

seen from the table that the Adj-R2 values are not consistent for all the MRF samples 

at different magnetic field strengths.  

Table 8.2. Optimal parameters of MRF#20, MRF#25, and MRF#30 fluids using 

Bingham fluid  

samples name 𝛕 = 𝛕𝐲 + 𝛈𝐨�̇� 0 kA/m 86 kA/m 343kA/m 

 

MRF#20 

τy 18.73 727.063 923.03 

η0 0.048 1.49 1.08 

R2 0.92 0.81 0.96 

 

MRF#25 

τy 14.48 758.082 973.35 

η0 0.13 1.65 1.20 

R2 0.91 0.80 0.96 

 

MRF#30 

τy 23.168 973.75 998.12 

η0 0.257 1.20 1.24 

R2 0.86 0.96 0.96 

 

Since the flow curves are non-linear, the constitutive equation of the Herschel- 

Bulkley  fitted  with the experimental curves from  (Fig. 8.4a, b, and c)  was  

employed to determine the shear yield stress values which can be calculated using the 

Eq. (8.2) 

 

                                           𝜏 = 𝜏𝑦 + k𝛾�̇�                                                                (8.2)      

 

Where, k denotes the consistency coefficient and n designates the shear-thinning 

exponent, respectively. Table 3 shows the fitting parameters for the Herschel- Bulkley 

model that achieves the best fits which were reasonably good concerning the Adj-R2 

values for three MRFs. 

 With increasing magnetic field strength, the k and n parameters values of MRF 

samples increase and decrease, respectively. The n values define the degree to which 

a material is shear thickening. The value is greater than one (n > 1) or shear-thinning 

less than one (n < 1). The MRFs 20, 25, and 30 suspension values shown are lower 

than 1 which indicates the shear thinning behaviour suspensions as given in Table 8.3.   
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Table 8.3 Parameters values of MRF#20, MRF#25, and MRF#30  H-B model 

Samples name  = 𝛕𝐲 + 𝐤𝛄�̇� 0 kA/m 86kA/m 343kA/m 

 

MRF#20 

τ0 14.89 284.18 843.48 

K 0.47 133.39 8.674 

n 0.62 0.34 0.68 

R2 0.99 0.97 0.98 

 

MRF#25 

τ0 16.56 267.96 877.70 

K 17.21 146.91 10.82 

n 0.2 0.341 0.662 

R2 0.99 0.96 0.99 

MRF#30 

τ0 17.21 543.76 878.11 

K 0.58 96.040 15.22 

n 0.87 0.37 0.61 

R2 0.99 0.99 0.99 

 

Also, even though the flow curves look from the BP and HB model, the Casson model 

parameter fit with the experimental flow curves, which can be written mathematically 

describing the shear stress given in Eq. (8.3)  

√𝜏 = √𝜏𝑦 + √𝑛∞√�̇�                                                                                               (8.3) 

Where, 𝑛∞ refers Casson shear viscosity at the infinite shear rate, τy designates yield 

stress,  𝜏 indicates shear stress, and γ̇ denotes the shear rate. Experimental flow curves 

well fitted by the Casson model regarding Adj. R2 values and detailed rheological 

parameters obtained by this model are summarized in Table 4  

Table 8.4 Optimal parameters of MRF#20, MRF#25, and MRF#30 fluids of Casson 

Samples name √𝝉 = √𝝉𝒚 + √𝒏∞√�̇� 0 kA/m 86kA/m 343kA/m 

 

MRF#20 

τy 2.84 541.39 790.46 

𝜂∞ 0.02 0.42 0.18 

R2 0.99 0.92 0.98 

 

MRF#25 

τy 5.85 562.81 827.016 

𝜂∞ 0.08 0.48 0.21 

R2 0.99 0.91 0.98 

 

MRF#30 

τy 8.96 663.16 845.24 

𝜂∞ 0.16 0.21 0.22 

R2 0.99 0.98 0.97 
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8.5.2 Flow curves of viscosity 

Fig.8.5 Viscosity of MRFs, as a function of  (𝜂) on the shear rate (�̇�) at three various 

magnetic field strengths (a) 0kA/m (b) 86kA/m and (c) 343 kA/m for MRF#20 (block 

symbols), MRF#25 (red symbol), and MRF#30 (green symbol) samples  

Fig 8.5 (a-c) shows the measured shear viscosity (𝜂) versus shear rate (�̇�) for 

MRF#20, MRF#25, and MRF#30 samples at the various magnetic fields, i.e. (0 

kA/m, 86 kA/m, and 343 kA/m) for a range of 0.01 to 500 s-1. As can be seen from 

the figure, shear viscosity dramatically decreased in the higher shear rate region, 

suggesting MR fluids having a shear-thinning behaviour due to the variations in the 

disruption in internal structure under shear deformation. On the other hand, shear 

viscosity increased with increasing the magnetic field strength applied and particle 

volume fraction. Meanwhile, higher shear viscosity obtained from the MRF#30 

sample when compared to MRF#20 and 25 is clearly observed in Fig.8.5(a)-(c). 

This was due to a higher volume fraction of magnetic particle present in the MRF. It 

increased both off-state and on-state viscosity, however forms a stronger column-
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like structure formation was made in the direction of the magnetic field, and 

hinderedthe free rotation of particles and made the MRF suspensions more viscous 

in the MRF#30 sample(Jung et al. 2016). 

 

8.5.3 Effect of Mn-Zn ferrites on shear stress, viscosity, and yield stress. 

Figure 8.6 (a) and (b) show bar graphs comparing the shear stress and viscosity with a 

maximum shear rate of 500s-1. For all prepared MRF samples, the shear stress and 

viscosity values increased with the applied magnetic field strength and the magnetic 

particle volume fraction of the MR fluid. In Fig.8.6(b),the viscosity values in the 

absence of magnetic field of MRF#20,25 and 30 are 0.076,0.169 and 0.29 Pa.s 

respectively. It was due to the low mass density of Mn-Zn ferrite particles which 

occupy the large volume fractions of particles in the carrier fluid. This results in 

increased viscosity of the MRF#30 sample. Also, Fig.8.6 (c) shows the trend in field-

dependent yield stress as a function of magnetic field strength, and which is an 

important parameter for MRFs. It was determined by fitting experimental data at 

nonzero shear rate levels with viscoplastic constitutive models, such as the Bingham, 

Herschel–Bulkley, and Casson equations. On the other hand, at a given magnetic field 

strength, yield stress increased as the volume fraction of Mn-Zn ferrite particles was 

increased. The yield stress of MRF#30 was higher than that of MRF#25 and 20, 

which indicated that the Mn-Zn ferrite volume fraction little effect on the achievable 

yield stress. Increase of magnetic field, causes the formation of magnetic particle 

alignment, and builds a strong chain-like structure, as a result, prepared MRFs 

attribute to more pronounced dynamic yield stress. The power-law model was adapted 

to find out the slope of the Mn-Zn ferrite based MR fluid   

 

                                                              τy ∝ Hm                                                  (8.4) 

 

Where, the exponent m can be obtained by fitting the above model with the applied 

magnetic field strength. It should be noted that the slope of dynamic yield stress at 

low magnetic field strengths as a magnetic field function was considered to be 2.0 

based on the magnetic polarization model, which was related to the magnetic forces.  
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At high magnetic field strengths, local saturation in magnetization becomes important 

near particle-particle contacts, the slope of dynamic yield stress as a function of 

magnetic field strength shown in Fig.8.6.  

 

Fig.8.6 Bar graph dependence of (a) shear stress (b) shear viscosity at a maximum 

shear rate and (c) yield stress versus at different magnetic field strengths and (d) 

Illustration of particle arrangement of Mn-Zn ferrite based MRF  

Transition of slope from 2.0 to 1.5 were reported in the CIPs based MRFs. For Mn-Zn 

ferrite-based MRF fluids, the slope of the plot was determined to be 1.5 that was 

possibly due to the complete saturation of the MR fluid under the magnetic field 

strength applied. While the particle yield stress was independent of the strength of the 

magnetic field when the particles achieve magnetic saturation. While the Mn-Zn 

ferrite-based MRFs showed moderate yield stress compared to iron particles based 

MRF, the ferrite based MRF was  stable at high temperatures, showed high chemical 

and sedimentation stability, which make these Mn-Zn ferrite-based MRFs suitable 

candidate for applications where MRF stability in harsh working environments is a 

major requirement rather than comparable yield stress or strength of MRF.  
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The dynamic yield stress values obtained were compared to more than the previous 

ferrite-based MRFs. Magnetic saturation was present in all particles at a high 

magnetic field and the yield stress was independent of the external magnetic field. 

This phenomenon is mainly due to the relatively low value of Ms of Mn-Zn ferrite 

particles compared to typical MRF magnetic materials. The arrangement of plate-

like Mn-Zn ferrite particles without and with the magnetic field is shown 

schematically in Figure 8.6(d) and (e). In the case of MRF-20 containing lower 

concentrations, the particles are shown to form chains consisting of single strands of 

particles.  For MRF-25 and MRF-30 with the highest concentration of particles, the 

number of particles was high enough to form a strong column-like structure. In the 

case of the MRF#30 sample, the Mn-Zn particles have a low mass density resulting in 

accommodation a large number of particles in the MRF. Many columns were formed 

due to large number of particles, which are placed nearby, causing the particles also to 

interact perpendicularly to the length of the columns. 

 

 

 

 

Fig.8.7 Frequency sweep test at different magnetic field strength applied (a) 0kA/m 

(b) 86kA/m and (c) 343 kA/m with a (γ) constant shear strain (0.001%) 
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Fig. 8.7 shows the frequency sweep range of 0.1–10 rad/s test which was undertaken 

with constant shear strain (γ) 0.001% under three various magnetic field strengths to 

determine the storage modulus (closed symbols) (G′) indicates the viscous response 

and loss (G′′) modulus (open symbol) represents changes an elastic properties. 

Fig.8.7(a) depicts the absence of magnetic field (0 kA/m) MRF#20, 25, and 30 

samples exhibit liquid-like behaviour. Figure (b)-(c) indicate with the application of 

the magnetic field of 86kA/m and 343 kA/m MRF#20, 25, and 30 samples shows a 

stable plateau-shaped at the entire over the range of frequency, indicating that the 

storage module was larger than the loss modulus indicating the stronger elastic nature 

of the samples (Vinod et al. 2016). As a result, MRF#20, 25, and 30 based MRFs 

exhibited solid-like rather than liquid-like behaviour, as demonstrated by the 

improved elastic properties. This is typical behaviour due to the Mn-Zn ferrite 

particles which form a more robust particle chain structure within the MRFs. 

8.5.5 Sedimentation analysis  

The stability of sedimentation of particles is considered an essential factor for 

measuring MR fluids. Fig.8.8 shows the curves of sedimentation ratio versus time of 

Mn-Zn ferrite particles based MRFs. Fig. 8.8(a) shows the measured sedimentation 

ratio for MRF#20 MRF#25 and MRF#30 based MR fluids using a visual observation 

method under the static condition without disturbance of the samples. The picture 

shown in Fig.8.8(b) are photographs of the MRF#20, 25, and 30 samples at regular 

intervals of sedimentation time.  

As seen from the figure, within 1 day, MRF#20 settled much faster than MRF#25 and 

30. On the other hand, MRF#30 demonstrated a low sedimentation ratio of about 67% 

than MRF#20 and 25 sedimentation ratio which was 55% and 57 %, respectively. The 

stearic acid from the carboxyl group mixed in silicone oil, it was forms a gel-like 

structure that hinders the fast settling of Mn-Zn ferrites. It can be noted that the 

increase in solid volume fraction the liquidity of the sample was very low; for 

example, in MRF#30 samples, the settling of the Mn-Zn ferrite particle has decreased. 

In the case of MRF#25 and 20, as the liquidity of the sample was high, it resulted in 
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fast sedimentation of particles concerning time of 1 day, as can be observed in Fig 

9(b). 

 

 

 

 

 

 

 

 

Fig.8.8(a) Sedimentation ratio as a function of time (b) snapshots of MRFs poured for 

visual inspection at 0hr, 24hr and 48hr for MRF#20, 25, and 30 samples. 

 

8.6 Summary  

Mn-Zn ferrite particles with different volume fractions (20, 25, and 30%) were 

dispersed in a silicone carrier fluid. The importance of the plate-like shape of 

magnetic particles and their concentration in the fluid in measuring the efficiency of 

MRFs is thus highlighted in this work. With increasing magnetic fill fraction and 

applied magnetic field strength, the yield strength increases. It was observed that Mn-

Zn ferrite showed plate-like shape, presence of small aggregation, and spinel structure 

in phase. The magnetic measurement showed saturation magnetization (Ms) of 77.12 

emu/gm at room temperature. The particles interact with one other when a magnetic 

field is applied, forming stronger magnetic particle columns and increasing the MRF's 

solidity. The saturation magnetization, particle size, size-distribution, and 

concentration of the particles in the MRF were found to have a considerable influence  

on the dynamic yield stress of the MRFs. At the maximum particle concentration (30 

vol. percent) in the fluid, the Mn-Zn ferrite powder based MRF showed good yield 

stress (1.6 kPa). These figures are comparable to those seen in MRFs with CIPs.  The 

Mn-Zn ferrite particles' ready-dispersibility after sedimentation renders these MRFs 

dependable for repeated use. 
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CHAPTER-9  

CONCLUSIONS 

Present work deals with developing lab scale magneto-rheological fluids for MR 

damper application with low sedimentation rate and analysing the effect of particle 

loading of carbonyl iron particles and on rheological and sedimentation properties. 

Carbonyl iron particles and different types of additives, carrier liquids, and thixotropic 

fumed silica as coating materials were used to synthesize MRFs containing different 

volumes (%) of magnetic particles. Important conclusions are summarized based on 

the archived outcome. 

  

• SEM and XRD confirmed that the morphology and excellent crystalline 

structure of the CIPs (α-Fe phase) used in the MR fluid and additives had 

small and large sheet aggregates like morphology. 

•   SQUID magnetometer conformed to the 250emu/g at 10 kOe saturation 

magnetization value of CIPs. 

•   The Lord-132DG presented much lower shear stress and a viscosity at zero 

magnetic fields when compared with MRFp-1, MRFp-2, MRFp-3, and MRFp-

4. It was observed that MRFp-2, 3, and 4 have slightly low shear rate v/s shear 

stress and shear rate v/s viscosity at the applied magnetic field (0 to 0.7 Tesla) 

when compared to LORD 132 DG but MRFp-1 had better response. 

•   Sedimentation problem was found to be greatly reduced in house prepared 

MRFp-2, 3, and 4 and when compared with commercially available Lord-

132DG due to the addition of additives like claytone APA, baragell and 

garamite 1958. The MRF-3 gave a good competition to the Lord 132 DG fluid 

in terms of off/on state shear stress, viscosity. 

• The base magnetic particle with 70wt% CIPs along with plain PAO oil and 

CIPs/claytone APA/molyvan 855 as an additive, friction reducer was adjusted 

in PAO oil-based MRF was prepared to prevent the sedimentation problems.  
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• The dynamic yield stress and the shear stress of the CIPs/claytone APA MRF 

exhibited lower than that of the CIPs MRF. Also, SEM confirmed that the 

surface of the CIPs connected well with claytone APA confirming improved 

sedimentation.  

• The magnetic properties of the CIPs MRF showed higher saturation 

magnetization compared with the CIP/claytone APA MRF. The fabricated MR 

damper against 72 hrs sedimentation testing of  CIPs/claytone MRF produced 

higher compression (Fco) and rebound (Fre) damping force than of pure CIPs 

MRF  in off-state (i.e., 0A) condition, and also slightly lower compression 

(Fco)  and rebound(Fre) damping force than CIPs MRF in on-state (i.e., 0.4A) 

condition. 

• The SEM morphological analysis of CIPs/fumed silica particles mixture, 

which fills the interspace between the CIPs and reduces particle density, 

improved the sedimentation ratio. The sedimentation stability was 

considerably improved by the addition of different surface area types of fumed 

silica in MRF2, 3, 4, and 5 rather than MRF1. Finally, MRF 4 and 5 samples 

containing hydrophilic fumed silica showed a better sedimentation ratio of 

about 98% and 99% up to 7 days.  

• The magnetic properties of MRF1, 2, 3, 4, and 5 samples measured using 

VSM showed that MRF1 has maximum saturation values of 132.92 emu/gm 

with applied magnetic field in the range of -15000Oe to 15000Oe, while 

MRF4 and 5 have better magnetic saturation values.  

• The experimental rheological test of MRF1, 2, 3, 4, and 5 fluids was 

conducted under different magnetic field strengths using a magnetorheometer. 

Three constitutive models were applied to shear stress versus shear rate 

rheology curves, and among the three models, the H-B model well-fitted the 

Adj-R2 values rather than the BP and Casson models. While the MRF4 and 

MRF5 hydrophilic type with larger surface area samples show dynamic yield 

stress of maximum of about 7.9 kPa and 8.1 kPa respectively, at an applied 

magnetic field strength of 343 kA/m. 
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• The prepared MR fluids containing carbonyl iron/fumed silica with three 

different carrier liquid, viscosity (5, 30, and 400 cSt). The MR performance for 

prepared MR fluids was studied by using a twin drive rheometer. The 

maximum shear stresses reached values of 15000, 12000, and 9000 Pa 

respectively in the magnetic field range 0–0.9 T at 400C. 

• Regarding sedimentation stability during direct observation it was seen that 

the MR fluid with fumed silica as thixotropic additive showed slower 

sedimentation stability and the ratio was observed to be 90, 93, and 96% of 

MRF-1, MRF-2, and  MRF-3 respectively during 800 hrs. 

• In this chapter, MRFs were prepared with different volume concentrations (ϕ1 = 

20, ϕ2 =25 and ϕ3= 30) by dispersing solid-phase these ferrite particles in a silicone 

oil as continuous phase along with stearic acid as an additive to minimize the  

sedimentation problem 

• The SEM, XRD, and EDS results showed plate-like morphology, pure spinel 

structure phase, and presence of Mn-Zn ferrite elemental composition, 

respectively. The VSM analysis showed that the amount of magnetic 

saturation was about 19.138emu/gm. The sedimentation stability ratio of 

MRF#30 showed a better sedimentation ratio of 67%  up to 8 days than the 

MRF#20 and MRF#25 samples 

• The outcomes of the rheological experiments on Mn-Zn ferrites-based MR 

fluids showed that an increase in the volume fraction (1>2>3)  and the 

magnitude of the magnetic field strength gives rise to higher yield stress for 

MRF#30 sample.    

• The MRF#30 showed values than the MRF#20 and 25 samples in terms of shear 

stress(τ), viscosity (η), and yield stress (τ0)  with increasing applied magnetic field 

strengths (H). The results were in good agreement with experimental flow 

curves fitted to the Herschel-Bulkley rather than the Bingham, and Casson 

constitutive rheological models. Also frequency sweep test was performed to 

suggest the MRF#20, #25, and # 30 samples have more solid-like behaviour 

with the application of the magnetic field.    
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SCOPE OF FUTURE WORK 

The present work demonstrates the feasibility of lab-scale magneto-rheological fluids 

for MR damper applications. Though the approach is successful, the sedimentation 

rate is considerably reduced in micron-sized carbonyl iron particles-based MRFs. 

Further, the synthesizing (1-2μm) sized carbonyl iron particles and use of low 

viscosity base oil needs to be addressed through a proper synthesizing technique and 

sedimentation stability minimized further without affecting the rheological properties. 

Cost-effective MRF needs are required for commercially available MRF. Further, the 

performances of the developed MRFs are to be tested in a real field application. 
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