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The magnetorheological (MR) fluid is a typical smart material, whose shear yield stress can be adjusted through changing the strength of external magnetic field, and the changing process only takes a few milliseconds. The MR fluid is composed of micro/nanometer ferromagnetic particles, carrier fluids, and some additives. Among them, the performance of ferromagnetic particles will mainly affect the sedimentation stability and the magnetic saturation of the MR fluid. Therefore, the ferromagnetic particles are expected to have characteristics of both low density and high magnetism. In this paper, the multi-walled carbon nanotubes (MWNTs) were adopted to coat on the carbonyl iron (CI) particles with grafting technology using ultrasonication and mechanical stirring. The coated CI particles with perfect core-shell structure were developed and the influence of the dosages of grafting agent and MWNTs were tested. And then, MR fluids with CI particles coated with MWNTs were established and the coating effect was studied through surface topography particle density, and magnetic properties of composite magnetic particles and stability tests of the prepared MR fluids. The results showed that although the magnetic saturation of the prepared MR fluids with CI particles coated with MWNTs would reduce slightly, the particles density and the adsorption force between the particles were decreased effectively, which are both advantageous to the improvement of the sedimentation stability of MR fluids.
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INTRODUCTION

Magnetorheological (MR) fluid is a kind of typical smart material with unique magnetic rheological properties characterized by a reversible change in viscosity and yield stress under magnetic field (Kim et al., 2013), which has been widely applied in many fields, such as sealing (Mitamura et al., 2008), target drug delivery (Kim and Kim, 2003; Oh and Park, 2011), lubrication (Arruebo et al., 2007), removal of water pollutants (Goldowsky, 1980), dampers (Olabi and Grunwald, 2007; Ferroudj et al., 2013; Zong et al., 2013; Zhu et al., 2018), brakes (Mangal and Kumar, 2015) etc. Rabinow (1948) prepared the original MR fluid consisting of magnetic particles and carrier liquid in 1948. Xu et al. (2003) reported that MR fluids can transform between solid and liquid due to the existence of the magnetic particles; specifically, the iron particles are magnetized and MR fluids can be changed rapidly from liquid to solid in the presence of a magnetic field, while regaining their liquid state when the magnetic field is removed. The instantaneous conversion of solid and liquid can be used to adjust the stiffness and the damping of MR fluids. For decades, many researchers have devoted themselves to the study of MR fluids. Currently, the ferromagnetic particles adopted for preparing MR fluids are mainly carbonyl iron (CI) particles with diameter of generally 0.1–10 μm, and the volume fraction of ferromagnetic particles is generally 20–40%. However, the density of a ferromagnetic particle is much larger than that of the carrier fluids, which would definitely lead to obvious sedimentation, restrict the rheological properties of MR fluids and reduce the adjustability and shock absorption capacity of MR devices. Therefore, many researchers have proposed various methods to prepare high performance MR fluids with better sedimentation stability (Tian et al., 2016). Thomas (1966) obtained cobalt element powder by heating the carbonyl compounds and took cobalt powders as magnetic particles to prepare MR fluids. Kormann (Kormann et al., 1996) developed MR fluids consisting of magnetic nanometer particles which greatly improved shear yield strength and shortened response time. Foister (1997) added two kinds of iron particles with different sizes into the carrier fluids, indicating that the shear yield stress of MR fluids had improved a lot through this method. Ulicny and Mance (2004) studied the antioxidation property of MR fluids and proposed a method of coating with a layer of nickel on the surface of the ferromagnetic particles to improve the long-term oxidation resistance of MR fluids. Cheng et al. (2009) employed N-glucose ethylene diamine triacetic acid, which can form a network coating CI particles to reduce the sedimentation rate via hydrogen bonds in water. Du et al. (2010) adopted the hydrophilic-lipophilic balance theory to choose the surfactant and discovered that surfactants could enhance the sedimentation stability of MR fluids, while decrease the magnetic properties of the particles or the rheological properties of MR fluids to some degree. Kim and Choi (2011) employed polymeric compounds as a carrier fluid and found that dispersing CI particles in a mixture of polyisobutylene/polybutene (PIB/PB) instead of the mineral oil could improve the stability and rheological properties of MR fluids. Sedlacik et al. (2011) coated fluorine bonds on the surface of CI particles by exposing CI particles to argon and octafluorocyclobutane plasma and concluded that the MR fluid based on plasma modified CI particles present better stability than that with pure CI particles. Dong et al. (2012) introduced a novel MR fluid to improve the MR properties by dispersing Fe76Cr2Mo2Sn2P10B2C2Si4 amorphous alloy particles in silicon oil and discovered that the MR effect and sedimentation stability properties of MR fluids contained amorphous have improved significantly at lower field intensities. Kim and Choi (2011) prepared the polymeric solution by solving PEO in distilled water and acquired an MR fluid from the distribution of carbonyl iron in a polymeric solution, however, the mismatching of magnetic particles and the carrier liquid still remained to be overcome in order to make considerable breakthroughs in improving the sedimentation stability of MR fluids.

Currently, it has become a hot topic by adopting the composite particles to prepare MR fluids in order to improve the stability and rheological properties of MR fluids. Cho et al. (2004) obtained the low-density magnetic particles by coating CI particles with polymethyl methacrylate (PMMA). Qiao et al. (2010) prepared the polyethyene glycol (PEG)-coated Fe3O4 ferrofluids by suspending the PEG-coated Fe3O4 nanoparticles in an oligomeric PEG-400 carrier liquid, and investigated their magnetorheological steady flow behavior. Jiang et al. (2010) adopted coated poly (methyl methacrylate) (PMMA) to coat on the surface of CI particles in order to obtain composite CI-PMMA particles and discovered the prepared MR fluid based on CI-PMMA particles exhibited better sedimentation stability. Lopez-Lopez et al. (2012) prepared the MR fluid based on the 50% volume iron particles coated with silica and concluded that 50% volume is the upper limit of particles concentration in such MR fluids. Liu et al. (2012) studied the recent researches on the synthesis of polymeric composite magnetic particles as dispersed phase in MR fluids and found that both the surface morphology and mass ratio of the polymeric layer have influence on the MR effect and stability of MR fluids. Sutrisno et al. (2013) prepared an MR fluid with high viscosity based on grafted poly-iron particles, exhibiting excellent thermos-oxidative stability as well as nearly constant viscosity. Mrlik et al. (2013) adopted cholesteryl chloroformate to coat on the surface of CI particles and discovered that the sedimentation rate of MR fluids based on the prepared composite particles has greatly decreased due to better compatibility between the particles and silicon oil. In general, the adoption of composite particles can improve the stability of MR fluids greatly; however, there are still many deficiencies remained to be improved, i.e., the coating layers are not compacted and stable enough, which would lead to unsatisfactory reduction in particles density, resulting in unexpected increase in sedimentation rate. Therefore, it is an urgent to investigate and choose reasonable composite particles as well as preparation methods.

In this paper, MWNTs were adopted to coat on CI particles through the grafting technology to reduce the density of CI particles and the influence of the dosages of grafting agent and MWNTs were tested. Besides, MR fluids with CI particles coated with MWNTs were prepared and the coating effect was studied through surface topography analysis, particle density, and magnetic properties of composite magnetic particles. Furthermore, the redispersibility property and sedimentation rates were observed to confirm the effect of the coated CI particles in improving the stability of MR fluids.

PREPARATION OF MR FLUIDS

Materials and Equipment

Original CI particles (tap-density: 4.2 g/cm3, mean size: 1.9 μm) coated with MWNTs (the tube diameter: 8–15 nm) are adopted as magnetic particles by grafting process with P-aminobenzoic acid (PABA). Methyl silicone oil (the density: 0.963 g/cm3, the dynamic viscosity: 0.482 Pa·s) is employed as the carrier liquid in MR fluids. And some additives are used as dispersant, lubricant and anti-sedimentation agent, which includes liquid paraffin, graphite and bentonite. Meanwhile, distilled water is used as solvent in the whole process of the experiment. As for the main equipment adopted in this paper, the electric mixer is adopted to get the solution mixed uniformly, and the ultrasonic cleaner is responsible for getting the solution dispersed evenly because ultrasonic dispersion can destroy Coulomb force and van der Waals force between small particles. Additionally, the vacuum oven contributes to the drying of the obtained mixed liquid with appropriate temperature of 70°C.

Preparation of CI Particles Coated With MWNTs

The MWNTs are a kind of allotropes of carbon whose tube diameters are from nanometers to decades of nanometer with filament shape and micron length on average. Besides, MWNTs are lightweight materials with density about 2 g/cm3 at room temperature, which is half of the tap-density of CI particles (4.2 g/cm3). Therefore, the density of CI particles would be greatly reduced when coated with MWNTs on the surface, accompanying with a slight or even negligible decrease in the magnetism of coated particles due to the presence of iron catalyzer in MWNTs. Consequently, the MWNTs are adopted as coating materials to prepare the composite magnetic particles.

It is an essential process to form a MWNTs layer on the surface of CI particles to prepare the composite magnetic particles. In this study, the surface grafting technology adopted to form the MWNTs layer, which can be described as making a grafting reaction between the active groups on the surface of the particles. To be specific, the organics with suitable monomer are chosen in the in-situ polymerization, and the polymer materials are coated on the surface of particles, i.e., surface modification. A grafting agent named para aminobenzoic acid (PABA) is employed in the grafting process which has two groups, hydroxy (-OH) and amidogen (-NH2). The hydroxy (-OH) can combine with the carbonyl (-C=O) existing in the surface of CI particles and the amidogen (-NH2) can combine with the carboxyl (-COOH) in the MWNTs under certain conditions, contributing to the presentation of the results that the MWNTs tightly coated on the surface of CI particles, as shown in Figure 1.
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FIGURE 1. The schematic diagram of the grafting process.



The grafting process is not spontaneous, so the ultrasonication and the mechanical stirring are adopted simultaneously to induce the grafting process and enhance the coating effect. Ultrasonic treatment can induce PABA to build bridges between CI particles and MWNTs in order to modify their contact surfaces and form interaction functional groups between non-covalent bonds. Of course, there are two notes that must be emphasized. First one, the ultrasonication and the mechanical stirring the ultrasonic intensity should be controlled in a reasonable range, which is commonly set between 300 and 400 W. If the ultrasonic intensity was set too low, it is difficult to cause the grafting process, otherwise it the formed MWNTs layer is destroyed. Second one, the compactness of coating is closely related to the temperature, when the temperature higher than 70°C the MWNTs are prone to intertwined with each other, and when the temperature is lower than 50°C it is difficult for the occurrence of the grafting reaction, so the temperature is usually set between 50 and 70°C.

The preparation process of CI particles coated with MWNTs is as described below, as shown in Figure 2. Step one, PABA are dispersed into the distilled water via water-bath heating for 1–2 h with the temperature of 60°C. Step two, the CI particles are dissolved in the mixed solution under the mild ultrasonic dispersion for about 15–20 min, and then under the mild ultrasonic wave issued by the ultrasonic cleaner with the frequency of 60 Hz the MWNTs are added into the above solution with mechanical stirring by the electric mixer for ~3–4 h. Step three, in general the obtained mixed liquid is dried by vacuum oven with the temperature of 70°C and the negative vacuum degree, after that the dried powder is ground and sieved into particles by 100 mesh sieve. As a matter of fact, the higher the vacuum degree is, the better the effect of the drying will be, and it mostly depends on the available vacuum degree provided by the vacuum oven adopted.
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FIGURE 2. Preparation process of CI particles coated with MWNTs.



Preparation Process of MR Fluids

There are two major processes when preparing MR fluids, one is about the preparation of CI particles coated with MWNTs; the other is regarding the mixing of magnetic particles, carrier liquid, and additives. The detailed process is as shown in Figure 3. First of all, the CI particles coated with MWNTs are added into the carrier liquid, and then stirred by the electric mixer for ~2–3 h to make the liquid disperse uniformly. Afterward, every 2 h different kinds of additives including dispersant, lubricant, and anti-sedimentation agent are added quantitatively in sequence, at the same time, make the liquid keep continuous stirring.
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FIGURE 3. Preparation process of MR fluids.



TESTS RESULTS AND ANALYSIS

According to the preparation process of CI Particles coated with MWNTs, there were six kinds of coated CI particles with different dosages of grafting agent and MWNTs that were prepared. Then, series performance tests which included surface topography, the particle density and magnetic properties were carried out with variable-controlling approach step by step to determine the best component proportion, which contributed to the preparation of MR fluids with better performance. Finally, sedimentation tests on the MR fluids were conducted to confirm the coating effect.

Surface Topography

It is widely recognized that the quality of the coating effect can be reflected intuitively by the surface topography of particles. Therefore, the prepared CI particles coated with MWNTs, original CI particles and MWNTs are observed using the scanning electron microscope (SEM) with the resolution of 1 nm, which can entirely present the surface topography characteristic of particles.

The electron micrographs of the original CI particles and MWNTs are as presented in Figure 4. Meanwhile, CI particles coated with MWNTs with different dosages of grafting agents named as A1-A3 with gradually increased dosages of graft agents, are observed, as shown in Figure 5. They show that the surfaces of the original CI particles are spherical and smooth, while become a little rough with some substances after coating. The coating effect increases with the increasing dosages of grafting agent within a certain range, while stabilizes or even decreases when beyond the limit. The coating layer of sample A1 is far from compacted as only few filaments (MWNTs) are coated on the surface of the particles. As for sample A2, it is still difficult to coat on the surface of CI particles completely. While for sample A3, the filaments are relatively obvious through intertwined and spread out together in the spherical surface and almost all of the surfaces of CI particles are coated with MWNTs, which reflects that the dosages of grafting agent is enough. On the whole, the grafting agent is influential to the surface topography and the dosages of it should be paid great attention as it plays a major role in the quality of coating effect. And after comparison, the sample A3 is considered to be the one with the best proportion of grafting agent in this step.
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FIGURE 4. The electron micrograps of (A) original CI particles and (B) MWNTs.
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FIGURE 5. The electron micrographs of composite particles with different dosages of grafting agent.



Additionally, the electron micrographs of CI particles coated with gradually increased dosages of MWNTs in the order of A3, B1, B2, and B3 are observed and as presented in Figure 6. It shows that the coating effect is improved at first and then decreased gradually with the sustained increase of MWNTs, and the coating affect reaches the optimal in sample B1 infested with compact and homogeneous coating layer filled with filaments. It can be interpreted from the coating mechanism that excessive MWNTs are more inclined to assemble rather than coated on the surface of CI particles during the self-assembly process, resulting in the aggregation of MWNTs up to pulling out the filaments on the surface of CI particles and destroying the coating layer. Therefore, the dosages of MWNTs should be controlled within a reasonable range to achieve a relatively satisfying coating effect. Besides, the sample B1 is regarded as the magnetic particle of MR fluids in this paper with its best coating effect.
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FIGURE 6. The electron micrographs of composite particles with different dosages of MWNTs.



Particle Density

Particle density is one of the direct factors that affect the sedimentation stability of MR fluids as the difference in density between the CI particles and the carrier liquid is the main cause of the sedimentation issue of MR fluids, specially, the smaller the density difference between CI particles and the carrier liquid is, the better the stability and lower sedimentation rate of MR fluids are.

The densities of the original CI particles and sample B1 are shown in Table 1, which are obtained by calculation using the volume and the mass gotten by respectively the cylinder and the electronic scale. It can be presented that the tap-density of sample B1 is greatly reduced compared with the original CI particles, which is from 4.2 to 1.55 g/cm3 with a reduction of 63.1%. It is obvious that the test results are consistent with the expectation as MWNTs is a kind of lightweight material that can reduce the density of the composite particles, which is favorable to improve the sedimentation stability of MR fluids.


Table 1. Comparison of the tap-density of the two types of magnetic particles.
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Magnetic Property

Magnetic property is a significant index of the magnetic particles, which can directly affect the magnetic rheological property of MR fluids. Besides, the magnetic particles with better performance should have high saturation magnetization strength, less residual magnetism, and low coercive force simultaneously.

The magnetic property of particles is measured via vibration sample magnetometer with a maximum magnetic field of 1,600 kA/m, and the magnetic hysteresis curves of the two types of magnetic particles (CI particles coated with MWNTs (sample B1) and original CI particles) are shown in Figure 7. It can be concluded that the saturation magnetization intensity of sample B1 is slightly lower than that of the original CI particles under different magnetic field. This coincides with the fact that the magnetization intensity of MWNTs is much lower than that of the original CI particles that leads to the magnetization intensity of the composite particles reduced that. Additionally, further comparison of these two kinds of magnetic particles is shown in Table 2. It can be demonstrated that the saturation magnetization intensity of original CI particles is 217 emu/g, while 170 emu/g for sample B1 with a reduction of 21.7%. In terms of residual magnetism and coercive force, the sample B1 is a little higher than the original CI particles. In conclusion, although the magnetic property of CI particles coated with MWNTs is slightly reduced compared with the original CI particles, it is still superior to the other magnetic particles, such as hematite, magnetite and maghemite. Therefore, the CI particles coated with MWNTs are very appropriate for the preparation of MR fluids.
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FIGURE 7. Comparison of the magnetization curves of two kinds of the ferromagnetic particles (1Gs = 0.0795775kA/m).




Table 2. Comparison of the magnetic property of two types of magnetic particles.
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Stability Tests of MR Fluids

It is widely acknowledged that the stability of MR fluids mainly includes the redispersibility and the sedimentation stability. The redispersibility refers to the ability of an agglomerated MR fluids return to its origin state with excellent fluidity and homogeneity, which is closely correlated to the practical application of MR fluids. However, there is still no standardized evaluation system to evaluate it. Therefore, the natural observation method was adopted to test the redispersibility of MR fluids. After MR liquids are allowed to stand for a certain period of time, the agglomeration and redispersibility of MR fluids are observed by gently oscillating or shaking MR fluids. The observation results is as presented in Table 3. Table 3 shows that the redispersibility of sample B1 is the best.


Table 3. Redispersibility observation of prepared MR fluids.
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Sedimentation stability is one of the most important properties of MR fluids which is evaluated by their sedimentation rates calculated by the following equation (Guo et al., 2017). The sedimentation ratio is defined as:

[image: image]

The sedimentation rates of MR fluids samples with gradual increase of dosages of grafting agent, which are named as A1-A3, are observed, and the results are as shown in Table 4. It can be presented that the sedimentation rate decreases with the increase of the dosages of grafting agent, i.e., the sedimentation rate of sample A1 is 4.74%, while 2.80% for sample A2 even decreases to 1.84% for sample A3 after 60 days. It is obvious that the test results are consistent with the surface topography test when the dosages of grafting agent is within a certain range. The better of the coating affect is, the better of the sedimentation stability as the density of the composite particles is significantly decreased.


Table 4. Sedimentation rate of MR fluids with different dosages of grafting agent.
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Additionally, the sedimentation rates of MR fluids with different dosages of MWNTs, which are named as B0-B3, are observed, as shown in Figure 8. Sample B0 is prepared based on the original CI particle, while samples B1, B2, and B3 are prepared based on the CI particles coated with MWNTs with increasing dosages of MWNTs. It can be inferred that the sedimentation stability of MR fluids is significantly improved because of the adaptation of MWNTs, the sedimentation rate of sample B0 is 22.47% after 60 days, which is the maximum value compared with other samples, representing that using CI particles coated with MWNTs can effectively reduce the sedimentation rates of MR fluids. On the other hand, the sedimentation rate of MR fluids increases with the increase of the dosages of MWNTs, i.e., the sedimentation rate of sample B1 is 7.18%, while 9.79% for sample B3, which reflects that excessive MWNTs is unfavorable to the improvement of sedimentation stability of MR fluids cause the interaction between particles will be greatly affected because of the introduction of coating materials. Therefore, the dosages of MWNTs should be controlled in a rational range.
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FIGURE 8. Sedimentation rate of MR fluids with the different dosages of MWNTs.



CONCLUSION

In this paper, MR fluids with CI particles coated with MWNTs were developed and the coating effect was studied through surface topography particle density, and magnetic properties of composite magnetic particles and stability tests of the prepared MR fluids. Meanwhile, the influence of the dosages of grafting agent and MWNTs on the coating effect were analyzed to verify the effect of CI particles coated with MWNTs on the improvement of the sedimentation stability. The conclusions are as the follows:

(1) The tests about the composite particles consisting of surface topography, particle density and magnetic property indicate that the composite particles with appropriate dosages of grafting agent and MWNTs will greatly benefit the coating effect, contributing to the implementation of composite particles with better performance. Moreover, the particle density decreased sharply while just a slightly decrease in magnetic property, which demonstrated that the coating material is favorable for the improvement of sedimentation stability while unfavorable for magnetism. Therefore, it is significant to balance the advantages and disadvantages caused by the introduction of coating material when the composite particles are prepared.

(2) The respersibility and the sedimentation tests of the prepared MR fluids show that the stability is greatly improved with the introduction of MWNTs because of the reduction in specific gravity. Meanwhile, the respersibility property and sedimentation rates of MR fluids are closely related to the coating effect of the composite particles, which is affected by the dosages of grafting agent and MWNTs.
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