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In order to study the sedimentation stability of silicone oil-based magnetorheological fluids with fumed silica as additive, magnetorheological fluids with different mass fractions of fumed silica, particle sizes of carbonyl iron powder and viscosities of silicone oil were prepared. The sedimentation rate of magnetorheological fluids was calculated by observation method, and the zero-field viscosity of magnetorheological fluids was measured by viscometer. The results show that the sedimentation rate and viscosity of magnetorheological fluids increase gradually with the increase of the mass fraction of fumed silica. The mass fraction of fumed silica should not be constant for magnetorheological fluids, but should be determined according to the content of silicone oil in magnetorheological fluids. With the increase of average diameter of carbonyl iron powder, the sedimentation stability of magnetorheological fluids becomes worse. With the increase of viscosity of silicone oil, the sedimentation stability of magnetorheological fluids does not increase significantly. However, the high viscosity of silicone oil will result in wall hanging phenomenon, and increase the start-up difficulty of magnetorheological device. With 2.5 wt% of fumed silica for silicone oil, the magnetorheological fluids has good sedimentation stability and suitable zero-field viscosity.
Keywords: magnetorheological fluids, silicone oil, fumed silica, sedimentation stability, viscosity
1 INTRODUCTION
Magnetorheological fluids (MRFs) are a kind of smart material with unique rheological effect. The main components of MRFs are carrier fluid, micrometer soft magnetic particles and functional additives (Roupec et al., 2021). MRFs appear as Newtonian fluid at zero magnetic field. Under the action of magnetic field, the MRFs become solid-like, and the magnetic particles form chain shape and have anti-shear ability (Khajehsaeid et al., 2022; Ghasemi et al., 2023). When the magnetic field is removed, MRFs quickly return to the Newtonian fluid state. MRFs have millisecond response time and good real-time controllability, which makes them suitable for devices controlled by external magnetic fields, such as brakes (Vezys et al., 2018; Acharya et al., 2021), clutches (Akbari et al., 2022; Bira et al., 2022), dampers (Wang et al., 2021; Nordin et al., 2022) and polishing devices (Bai et al., 2019; Milde et al., 2022). However, the density of the magnetic particles is about 7 times bigger than the carrier fluid, the magnetic particles settle in the carrier fluid (Kaide et al., 2020; Su et al., 2020; Maurya and Sarkar, 2021; Zhu et al., 2021). When the magnetorheological device stops working, the sedimentation of magnetic particles is difficult to avoid (Aruna et al., 2019; Cheng et al., 2021a; She et al., 2023). The sedimentation and agglomeration of magnetic particles will directly affect the performance of MRFs, so it is very important to study the sedimentation stability of MRFs for magnetorheological device.
At present, many scholars have studied the sedimentation stability of MRFs through particle modification, base oil mixing and additive replacement. In particle modification, the sedimentation of MRFs can be reduced by changing the size, shape and content of particles. Lee et al. (2015) obtained the sedimentation velocity formula of MRFs by using Stokes equation, which showed that smaller magnetic particles had better sedimentation stability because of their higher kinetic stability. Lee et al. (2019) compared the sedimentation stability of the MRFs prepared by spherical carbonyl iron powders (CIPs) and flake-shaped CIPs. Due to the large surface area of the flake CIPs, the sedimentation stability of the MRFs prepared by flake-shaped CIPs is better. Zhang et al. (2019) established a formula for sedimentation velocity of MRFs with different particle volumetric concentrations based on Dick model by comparing three different sedimentation velocity models (Vesilind model, Dick model and Richardson and Zaki model). In terms of base oil, the sedimentation stability of MRFs is improved mainly by mixing several kinds of oil. Jinaga et al. (2019) prepared MRFs by mixing silicone oil (25%), honey (25%) and organic oil (50%) as base oil. Sunflower oil and cottonseed oil are used in the mixed oil for comparative analysis, and it was found that cottonseed oil-based MRFs had better anti-sedimentation property. Tong et al. (2022) prepared three MRFs by three base oils (silicone oil, ionic liquid and mixture of silicone oil and ionic liquid). The MRFs prepared by mixture of silicone oil and ionic liquid has better sedimentation stability. In terms of additives, additives can be divided into surfactants, thixotropic agents and nanoparticles. Sharmili et al. (2023) compared and studied the sedimentation rates of MRFs with four additives (siloxane, lithium, oleic acid and SDBS), siloxane-MRFs exhibited high sedimentation resistance. Cvek et al. (2022) fabricated compact/mesoporous silica, the sub-micro additive prevented the CIPs from aggregation, which can significantly improve the sedimentation stability of MRFs. Xu et al. (2018) found that fumed silica (0.5–0.6 wt%) was the most promising additive proportion for proper rheological and sedimentation properties. Cheng et al. (2021b) prepared the MRFs with fumed silica (1.85 wt%), and the sedimentation rate was about 92.4%, which showed better sedimentation stability compared with commercial MRFs (87.6%). Kim and Choi, (2022) used ZnFe2O4 to fill the free space among the CIPs and improved the stability of the MRFs against rapid sedimentation of CIPs.
From the above studies, it can be found that small amount of fumed silica can greatly improve the sedimentation stability of MRFs, so fumed silica is also the main direction for more researchers to study the sedimentation stability of MRFs. From the research papers on silica, it can be seen that researchers have obtained the most appropriate mass fraction of fumed silica through a large number of tests, so as to achieve the best MRFs sedimentation stability. However, the mass fraction of fumed silica obtained after a lot of tests is only suitable for the mass fraction of special magnetic particles, and cannot be applied to MRFs with different mass fractions of magnetic particles. In this paper, the effects of the mass fraction of fumed silica, the particle size of CIPs and the viscosity of silicone oil on the sedimentation stability and zero-field viscosity of MRFs were studied. The law that the mass fraction of fumed silica should be determined according to the content of silicone oil is found, which should be useful for selecting the best content of the fumed silica for the sedimentation stability of MRFs.
2 MATERIALS AND METHODS
2.1 Materials
The magnetic particles are CIPs produced by TIANYI (China). CIPs are widely used as magnetic particles in MRFs because of its low coercivity, high permeability, simple chemical properties and easy magnetization. The carrier fluid is silicone oil produced by DOW CORNING (USA). The additive is hydrophobic fumed silica produced by WACKER (Germany). The thixotropic mesh formed by fumed silica can effectively prevent CIPs from settling in silicone oil, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of thixotropic mesh.
2.2 Preparation method
MRFs can be prepared according to the process shown in Figure 2. The CIPs, silicone oil and fumed silica are weighed by a balance and poured into a beaker (Zhang et al., 2021). MRFs are stirred by a high-speed agitator for 1 h to uniformly disperse the CIPs and fumed silica into the silicone oil.
[image: Figure 2]FIGURE 2 | Preparation process of MRFs.
2.3 Test methods
Due to the obvious density difference between CIPs and silicone oil, the CIPs with higher density can settle easily in the silicone oil. The sedimentation rate of MRFs is measured by observation method. When the total volume of MRFs is a and the volume of the precipitated layer is b, the sedimentation rate is the ratio of b to a, as shown in Figure 3. The sedimentation rate x(t) of the MRFs can be derived from Eq. 1.
[image: image]
[image: Figure 3]FIGURE 3 | Sedimentation of MRFs.
The zero-field viscosity of MRFs is measured by NDJ-1 rotational viscometer (China). The zero-field viscosity of MRFs is affected by thixotropic effect of fumed silica. So the zero-field viscosity of MRFs is measured immediately after the preparation of MRFs. Since the speed has great influence on the viscosity, the speed is adjusted to 30 r/min. And the temperature has a big impact on viscosity, a water bath is used to control the measured temperature at 25°C, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | NDJ-1 Rotational viscometer.
2.4 Experimental methods
Since sedimentation predominantly occurs within the first 2 days, the sedimentation rate is recorded every 6 h within the first 2 days. After 2 days, the sedimentation rate is recorded once a day. In order to investigate the effect of the mass fraction of fumed silica on the sedimentation stability of MRFs, the six kinds of MRFs with fumed silica (1 wt%), silicone oil (100 cst), and CIPs (30 wt%, 40 wt%, 50 wt%, 60 wt%, 70 wt%, 80 wt%) with average particle size of 5.5 μm were prepared. The specific components are shown in Table 1.
TABLE 1 | MRFs with different mass fractions of CIPs.
[image: Table 1]In order to study the effects of mass fraction of fumed silica and silicone oil on the sedimentation rate of MRFs, the 30 kinds of MRFs with different mass fractions of fumed silica (0 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%, 2.5 wt%, 3 wt%) and silicone oil (70 wt%, 60 wt%, 50 wt%, 40 wt%, 30 wt%) were prepared. The average particle size of CIPs is 5.5 μm, and the viscosity of silicone oil is 100 cst in experiments. It should be emphasized that the mass fraction of fumed silica refers to the proportion of fumed silica to silicone oil, while the mass fraction of silicon oil refers to the proportion of silicone oil to entire MRFs. The specific components of 30 kinds of MRFs are shown in Table 2.
TABLE 2 | MRFs with different mass fractions of silicone oil and fumed silica.
[image: Table 2]In order to study the effect of CIPs diameter on the sedimentation rate of MRFs, three kinds of MRFs were prepared by using different particle diameters of CIPs (2 μm, 3.5 μm, 5.5 μm) as magnetic particles, as shown in Table 3. The particle size distribution of CIPs with different particle sizes measured by GSL-1010 laser particle size measurement (China) is shown in Figure 5. In this experiment, 60 wt% of CIPs, 39 wt% of silicone oil (100 cst) and 1 wt% of fumed silica are adopted.
TABLE 3 | MRFs with different particle diameters of CIPs.
[image: Table 3][image: Figure 5]FIGURE 5 | Particle size distribution of CIPs.
In order to study the influence of the viscosity of the silicone oil on the sedimentation rate of the MRFs, three kinds of MRFs were prepared by using different viscosities of silicone oil (50 cst, 100 cst, 350 cst) as the carrier fluid, as shown in Table 4. In this experiment, 60 wt% of CIPs (5.5 μm), 39 wt% of silicone oil and 1 wt% of fumed silica are adopted.
TABLE 4 | MRFs with different viscosities of silicone oil.
[image: Table 4]3 RESULTS AND DISCUSSION
3.1 Mass fraction of fumed silica
Figure 6A shows the sedimentation rates of MRFs with different mass fractions of CIPs (30 wt%, 40 wt%, 50 wt%, 60 wt%, 70 wt%) when fumed silica is 1wt%. The sedimentation rate of MRFs-1 stabilizes after only 5 days, and the sedimentation rate remains at 38%. The sedimentation rate of MRFs-5 keeps stable after 14 days and reaches at 77%. With the mass fraction of CIPs increasing, the sedimentation rate of MRFs decreases and the sedimentation stability time also becomes longer. Figure 6B shows the MRFs-6 prepared by fumed silica (1 wt%) and CIPs (80 wt%). This MRFs does not have fluidity, and it is difficult to stir with glass rods. The results show that fumed silica with fixed mass fraction is not suitable for MRFs with different mass fractions of CIPs. As the mass fraction of CIPs increases, the mass fraction of silicone oil decreases. In the case of constant mass fraction of fumed silica, as the mass fraction of silicone oil decreases, the thixotropic mesh will become stronger. Then the sedimentation stability of MRFs will be improved. Since the thixotropic reaction of fumed silica occurs in silicone oil, it is assumed that the reasonable amount of fumed silica used should be determined by the mass fraction of silicone oil.
[image: Figure 6]FIGURE 6 | Sedimentation stability of MRFs with different mass fractions of CIPs: (A) sedimentation rate of MRFs-1, MRFs-2, MRFs-3, MRFs-4 and MRFs-5, (B) MRFs-6.
Figures 7A–G show the MRFs sedimentation curves for the different mass fractions of fumed silica (0 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%, 2.5 wt%, 3 wt%) for silicone oil, respectively. The sedimentation rates of MRFs-7 and MRFs-12 are 12.5% and 21%, as shown in Figures 7A, B. The fumed silica (0.5 wt%) in the silicone oil can increase the sedimentation rate of MRFs, but the effect is not obvious. The main reason for the small difference in sedimentation rates is the weak thixotropic mesh formed by the fumed silica (0.5 wt%) in the silicone oil. The sedimentation rates of MRFs-12 and MRFs-16 are 21% and 52%, as shown in Figure 7B. With the increase of mass fraction of CIPs, the thixotropic mesh is not enough to support a large number of CIPs, so the difference in sedimentation rates between MRFs-12 and MRFs-16 is large. As shown in Figure 6, there is 33% difference in sedimentation rate between MRFs-7 and MRFs-11, 31% between MRFs-12 and MRFs-16, 24% between MRFs-17 and MRFs-21, 19% between MRFs-22 and MRFs-26, 12.5% between MRFs-27 and MRFs-31, 3.5% between MRFs-32 and MRFs-36% and 3.5% between MRFs-37 and MRFs-41. With the increasing of the mass fraction of fumed silica for silicone oil, the influence of the mass fraction of CIPs on the sedimentation rate of MRFs becomes less and less. When the mass fraction of fumed silica reaches more than 2.5wt% for silicone oil, the influence of the mass fraction of CIPs on the sedimentation rate of MRFs is almost negligible.
[image: Figure 7]FIGURE 7 | Sedimentation rate of MRFs with different mass fractions of fumed silica: (A) 0 wt% (B) 0.5 wt% (C) 1 wt% (D) 1.5 wt% (E) 2 wt% (F) 2.5 wt% (G) 3 wt%.
In addition, the mass fraction of fumed silica for silicone oil has great influence on the sedimentation stability time of MRFs. The sedimentation stability durations of MRFs-11, MRFs-16, MRFs-21, MRFs-26, MRFs-31, MRFs-36 and MRFs-41 with same 30 wt% of silicone oil are 3 days, 3 days, 7 days, 12 days, 16 days, 22 days and 33 days, respectively. The MRFs with other mass fractions of silicone oil also have similar regularity, the higher the mass fraction of fumed silica, the longer the sedimentation stability time. As the mass fraction of fumed silica continues to increase, the thixotropic mesh in silicone oil is gradually denser. Therefore, CIPs needs to spend more time finding the appropriate balance point in the thixotropic mesh.
Figure 8 shows the viscosity curves of MRFs with different mass fractions of silicone oil and fumed silica. When the mass fraction of fumed silica is the same, the viscosity of MRFs decreases with the increase of the mass fraction of silicone oil. The increase of the mass fraction of silicone oil leads to the decrease of the mass fraction of CIPs, which will lead to the decrease of the overall viscosity of the MRFs. When the mass fraction of silicone oil is the same, the viscosity of MRFs increases obviously with the increase of the mass fraction of fumed silica. Both the mass fraction of silicone oil and fumed silica have influence on the viscosity of MRFs, but the mass fraction of fumed silica plays a much larger role on the viscosity of MRFs. When the mass fraction of fumed silica is from 2.5 wt% to 3 wt%, the viscosity of MRFs suddenly increases greatly. The high viscosity of MRFs will increase the start-up difficulty of magnetorheological device. Due to the small difference in sedimentation rates between MRFs with 2.5 wt% and 3 wt% of fumed silica, it is more appropriate to choose 2.5 wt% of fumed silica.
[image: Figure 8]FIGURE 8 | Viscosity of MRFs.
3.2 Particle size of CIPs
Figure 9 shows the sedimentation curves of three kinds of MRFs prepared by CIPs with different average particle sizes (2 μm, 3.5 μm, 5.5 μm). On account of the average particle size of CIPs increases, the gravity of a single CIP increases. With the increase of CIPs particle size, the sedimentation rate of MRFs decreases gradually. Similarly, large particle size CIPs will also make the sedimentation velocity of MRFs faster. Since MRFs-42, MRFs-43, and MRFs-4 have the same mass fraction of fumed silica and silicone oil, so the three kinds of MRFs have the same thixotropic mesh. The thixotropic mesh has poor supporting effect on CIPs with large particle size, which leads to poor sedimentation stability of MRFs prepared by CIPs with large particle size.
[image: Figure 9]FIGURE 9 | Sedimentation rate of MRFs with different particle sizes of CIPs.
3.3 Viscosity of silicone oil
Figure 10 shows the sedimentation curves of three kinds of MRFs prepared by different viscosities of silicone oil (50 cst, 100 cst, 350 cst). With the increase of viscosity of silicone oil, the sedimentation rate of MRFs increases gradually. Because the high viscosity of silicone oil will hinder the movement of CIPs, the high viscosity of silicone oil not only increases the sedimentation rate of MRFs, but also slows down the sedimentation velocity of MRFs. However, MRFs-45 prepared by higher viscosity of silicone oil appear wall hanging phenomenon above the test tube, as shown in Figure 10. Moreover, the difference in sedimentation rates between MRFs-44 and MRFs-4 is 3%, and the difference in sedimentation rates between MRFs-4 and MRFs-45 is only 1%. Although the viscosity of silicone oil can improve the sedimentation stability of MRFs, it is not obvious to increase the sedimentation rate of MRFs by increasing the viscosity of silicone oil.
[image: Figure 10]FIGURE 10 | Sedimentation rate of MRFs with different viscosities of silicone oil.
4 CONCLUSION
In this study, the effects of the mass fraction of fumed silica, particle size of CIPs and viscosity of silicone oil on the sedimentation stability of MRFs were investigated. Since fumed silica forms thixotropic mesh in the silicone oil, it prevents CIPs from settling. Therefore, the content of fumed silica should be mainly determined by the content of silicone oil. When the mass fraction of fumed silica for silicone oil reaches more than 2.5 wt%, the sedimentation rate of MRFs prepared by different mass fractions of silicone oil is basically consistent. However, when the mass fraction of silica to silicone oil reaches 3 wt%, the viscosity of MRFs becomes higher. The high viscosity of MRFs increases the start-up difficulty of magnetorheological device. With the increase of particle size of CIPs, the sedimentation stability of MRFs will become worse. With the increase of the viscosity of silicone oil, the sedimentation stability of MRFs will be improved. But the effect of increasing the viscosity of silicone oil to improve the sedimentation rate of MRFs is not obvious. In short, when fumed silica is 2.5 wt% for silicone oil, the MRFs with different mass fractions of silicone oil have good sedimentation stability and suitable zero-field viscosity.
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