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The results of an experimental study of the rheological behavior of highly concentrated magnetorheological fluids of complex composition containing the main magnetosensitive filler—carbonyl iron and additives—particles of aerosil, chromium dioxide, and bentonite clay are presented. The modes of continuous shear deformation, linear increase of shear stress, and harmonic shear oscillations are considered. The influence of the additive material on shear stress, yield stress, components of the complex shear modulus of magnetorheological fluids in a magnetic field is determined.
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INTRODUCTION

In various industries (machine building and shipbuilding, aviation, rocket and space technology, etc.), flat thin-walled elements (beams, plates, and shells) of a layered structure are used in order to reduce material consumption while maintaining the required strength and rigidity of products. The most important requirement at the stage of development of such structures, which experience dynamic loads of a wide range of frequencies and strains, is to ensure their vibration protection while maintaining the rigidity of objects (Librescu and Hause, 2000).

Existing vibration protection methods divide into two groups (Chu et al., 2005; Fu et al., 2018). “Passive” methods are based on the use of inertial, elastic, and dissipative elements. They are implemented by introducing damping elements made of elastic or viscoelastic materials placed between the bounding layers into the object structure. Active or semi-active vibration damping systems use an external energy source to automatically adjust the dynamic characteristics of the structure (for example, hydropneumatic systems) (Song, 2009; Akhtar et al., 2015).

To solve the problems of semi-active and active damping of oscillations of flat elements, magnetosensitive materials which, in a controlled manner, change their elastic-viscous-plastic characteristics in external magnetic fields can be used as interlayers. The influence of the field causes a change in the structural state of the material from fluid to quasi-solid. It allows to create the necessary mode of material resistance to shear effects depending on the mechanical load. Outside the field, materials can be different consistencies and retain different degrees of fluidity, which are mainly determined by the concentration and physico-chemical characteristics of the particles of the dispersed phase. Such magnetosensitive quasi-solid materials as elastomers are known. They are a rubber-like matrix into which magnetic particles, for example iron, are introduced and oriented along the magnetic field strength vector (Zhou, 2003; Nayak et al., 2013; Tian et al., 2013; Li et al., 2014; Megha et al., 2016). It is shown that when exposed to an external magnetic field, the storage modulus G′ and the loss modulus G″ of such materials increase, and the resonant frequency of the vibrations of the layered structures changes. It is shown in previous studies (Megha et al., 2016) that due to the increase in the loss modulus, a decrease in the amplitude of forced and free oscillations is achieved both in a uniform and non-uniform magnetic field. However, it is established that the increase in the storage modulus in a magnetic field did not exceed two to three times, and the loss modulus did not exceed one and a half to two times. An increase in the concentration of magnetic filler leads to an increase in the rigidity of the object (storage modulus) and the value of the static yield stress. However, it was noted that this reduces the range of deformations, in which a linear relationship between shear stress and deformation (elastic zone) occurs, which complicates the implementation of controllability of these systems (Tian et al., 2013). A number of constructions of vibroprotective devices using magnetically sensitive elastomers have been developed (Li et al., 2014). A significant problem of their wide use is the poor adhesion of the elastomer to the surfaces of the limiting elements and the small range of regulation of the viscoelastic characteristics due to the initial high rigidity of the rubber-like matrix, as well as a slow structural response to the action of a magnetic field (Ahamed et al., 2018).

The use of magnetorheological fluid materials in flat thin-walled structural elements as controlled layers could solve these problems. Well-known studies (Dong et al., 2018) showed that increasing the concentration of the dispersed phase and using additives of ferrimagnetic particles can reduce unwanted separation and spreading of magnetorheological fluids. For example, the addition of 0.1 wt. % ferrimagnetic CoFe2O4 nanoparticles (about 100 nm in size) to a fluid with 50 wt. % carbonyl iron allowed to halve the sedimentation and increase the shear stress (up to three times in small fields) compared with the composition without nanoparticles. A significant increase in shear stress was also obtained when adding 1% of γ-Fe2O3 (Leong et al., 2016). The magnetorheological effect can be enhanced by several times with the use of magnetite additives (Ashtiani and Hashemabadi, 2015). A multiple increase in the components of the complex shear modulus and shear stress was also noted with the addition of non-magnetic particles of poly(methylmethacrylate) (Iglesias et al., 2015).

Previously, we studied the rheology of high-filled (mass concentration of carbonyl iron was 68.5% and of aerosil was 3%) composite fluid magnetorheological materials. Such materials that do not contain a rubber-like matrix (Korobko et al., 2014), have a significant yield stress in the absence of a magnetic field. An increase of almost two orders of value of the shear resistance of the MRF in a magnetic field was obtained. The optimal range of the magnetic field induction, in which the largest increase in the loss modulus takes place, is determined. The results obtained allowed to suggest that by using a higher concentration of the dispersed phase, as well as by adding both an ferrimagnetic component and non-magnetic additives of oxide particles, it is possible to achieve an increase in the growth of rheological parameters in the field and the necessary damping response in a given strain range.

In connection with the foregoing, the aim of this work is to establish the influence of different deformation modes on the change in the magnetic field of the rheological characteristics of the magnetorheological fluids of a complex composition containing magnetic and non-magnetic components.

MATERIALS AND EQUIPMENT

This paper presents the results of experimental studies of the developed compositions of highly concentrated magnetorheological composite fluids (MRF), which are high-filled pastes containing two types of particles as the dispersed phase.

The component of the composite dispersed phase of MRF, which has a high magnetorheological sensitivity, was particles of magnetically soft carbonyl iron (main diameter is about 3 μm). Samples containing 77 wt.% carbonyl iron and finely dispersed materials of a different nature to create a thixotropic matrix were investigated. Mobil synthetic oil was used as a dispersion medium. The compositions of the MRF samples and the values of the saturation magnetization of the magnetic components Hr are given in Table 1.


Table 1. The content of the components in the MRF samples.
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Aerosil particles (brand A-380) have a spherical shape and size of 5–15 nm, CrO2 particles differ in a needle shape with a ratio of sizes of 15:1 and a length of 500 nm, and particles of bentonite clay have a plate shape and a size of 1–10 μm.

The rheological characteristics of the prepared MRF samples both without the influence of a magnetic field and under its influence in the magnetic induction range B 0–1 T are investigated. A Physica MCR 301 rheometer of Anton Paar with a measuring cell MRD 70/1T plate–plate type with a diameter of 20 mm (the gap between the plates is 0.7 mm) was used.

The measurements were carried out with the deformation of the MRF in three different modes. The first mode (1): tangential continuous shear of the upper plate with a constant shear rate in the range of change from 0.01 to 100 s−1. The dependences of shear stress τ on shear rate γ (flow curves) are obtained. The second mode (2) is a linear increase of external shear stress τ. The value of τ increases linearly up to a given maximum value within 400 s. The dependences of τ on the strain ε and the static yield stress τ0 were obtained. The third mode (3) is sinusoidal tangential oscillations of the upper plate with a constant frequency f = 10 Hz and strain amplitude εa in the range of changes in its values from 0.0001 to 1. The components of the complex shear modulus G* = G′ + iG″ were measured (where G′ is the storage modulus (elastic modulus) and G″ is the loss modulus). All measurements were performed at a constant temperature 20°C.

RESULTS AND DISCUSSION

Rheological Characteristics Without a Magnetic Field

Typical rheological parameters of the materials studied and obtained without a magnetic field, are presented in Table 2. It contains shear stress at γ = 100 s−1 (τ100), yield stress τ0, G′ and G″ at εa = 0.01%. The measurement results show that the values of the rheological parameters of the MRF depend on the additive material used (Table 1). Among the studied compositions, the material MRF-1, containing 4 wt. % aerosil, the finest component, shows the highest values of the given rheological parameters. Replacement in the composition of the filler of 2 wt. % aerosil by 2% chromium oxide CrO2 (MRF-2) leads to a decrease in τ0 values by almost 6 times, τ100 values by eight times, and G′ decreases by 15 times in comparison with the MRF-1 sample.


Table 2. The values of the rheological parameters of MRF at B = 0.
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For the composition of MRF-4, containing 10 wt. % of bentonite clay, as well as for the composition of MRF-3 with 8 wt. % of CrO2, a greater decrease in the rheological characteristics in the plastic and viscoelastic states (τ0, G′ and G″) is observed. In addition, an increase in shear stress in the fluid state (τ100) compared with the data for MRF-2 is fixed.

This is due to the fact that aerosil matrix has greater strength at rest, even at lower particle concentrations than in the sample with bentonite clay MRF-4 and in the sample with CrO2 MRF-3. However, it easily collapses when shear rates are of the order of 10 s−1 (mode 1). With a further increase in γ, the shear stress remains almost unchanged. This is illustrated in Figure 1 (curve 1).
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FIGURE 1. MRF flow curves in the absence of a magnetic field: 1—MRF-1; 2—MRF-2; 3—MRF-3; 4—MRF-4.



It can be seen that the MRF-4 sample with bentonite clay, unlike other samples, shows an increase in τ with an increase in shear rate (curve 4), but reaches a value much smaller than that of MRF-1. Other MRF compositions have τ0 and τ100 values even lower in the whole range of shear rates.

Rheological Characteristics in the Mode of Continuous Shear

Figure 2 shows the changes in τ(γ) with a change in the magnetic field induction B from 0 to 1000 mT in mode (1). It can be seen that as B increases the shear stress τ increases at all shear rates. The shear stress of the MRF-1, MRF-2, and MRF-3 samples does not change with increase of shear rate in the range of γ > 20 s−1 at B < 300 mT. The flow curves (curves 1–4, Figures 2A–C) are almost parallel to the axis of shear rates, i.e. flow is viscoplastic. Only in the MRF-4 sample, an increase in τ was observed with an increase in the shear rate in the entire range of changes in the magnetic field induction (Figure 2D), which is characteristic of a pronounced viscoplastic flow. In this case, the shear stress is lower than that of the MRF-1.
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FIGURE 2. MRF flow curves in a magnetic field (A—MRF-1, B—MRF-2, C—MRF-3, D—MRF-4): 1-B = 100 mT, 2-300, 3-500, 4-700, 5-1,000.



This rheological behavior can be explained by the fact that, as in the absence of a magnetic field, the thixotropic matrix created by particles of bentonite clay (MRF-4) gradually collapses as the shear rate increases. The matrix of aerosil particles, as compared to bentonite one, is destroyed at lower shear rates. At the same time, the fine particles of aerosil do not prevent ferromagnetic particles from easily structuring in a magnetic field, unlike larger particles of bentonite clay, which prevent the interaction of particles, which reduces the magnetorheological effect. The thixotropic matrix of chromium dioxide particles in MRF-3 and MRF-2 also collapses at low shear rates. However, chromium dioxide particles have magnetic properties and are involved in the construction of bridge structures when influenced to a magnetic field, which leads to an increase in the shear resistance of the MRF-3 in a magnetic field compared to MRF-1 and MRF-4.

Rheological Characteristics in the Mode of Linear Increase of Shear Stress

Figure 3 shows the dependences of shear stress on strain τ(ε), obtained in mode (2) by the method of linear increase of shear stress, with the induction of a magnetic field B = 0 ÷ 1,000 mT.
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FIGURE 3. Dependences of the shear stress τ on strain ε of MRF at different magnetic field induction (A—MRF-1, B—MRF-2, C—MRF-3, D—MRF-4): 1-B = 100 mT, 2-300, 3-500, 4-700, 5-1,000.



From Figure 3D it can be seen that, prior to the beginning of the structure destruction, the composition of MRF-4 with bentonite clay is characterized by the presence of a significant region in the τ(ε) dependence, in which the shear stress and strain are proportional. For MRF compositions with aerosil and chromium dioxide (Figures 3A–C), the deviation of the dependence τ(ε) from linearity appears even at small strains. With increasing magnetic field induction, the transition limit to the non-linear dependence of shear stress on strain, corresponding to the onset of destruction of the MRF structure, shifts to the region of large strains. The destruction of the structure of the sample containing bentonite clay (MRF-4) in a magnetic field with induction B > 200 mT begins abruptly, the deformation increases with a jump when τ reaches the yield stress (Figure 3D). Probably, there is a rupture of the structure and sliding along a certain surface of the rupture. In this case, after a jump in the deformation due to particle rearrangement, the gap is eliminated and a slight increase in the structure strength is occurred. The resulting structure is again destroyed with further increase of τ (steps in Figure 3D, MRF-4). This sample shows the fragility of the structure in comparison with the sample containing as an additional component only aerosil (MRF-1), which collapses more smoothly with increasing deformation. The substitution of aerosol, partially with chromium dioxide (MRF-2) or completely (MRF-3), increases not only the zone of the linear dependence τ(ε), but also the value of τ0 compared to the MRF-1 sample.

Figure 4 shows the dependences of the static yield stress τ0 of MRF on magnetic field induction B, obtained in mode (2).
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FIGURE 4. Dependences of yield stress τ0 on magnetic induction B: 1—MRF-1; 2—MRF-2; 3—MRF-3; 4—MRF-4.



With the introduction of CrO2 into MRF-3 and MRF-2, compared with MRF-1, τ0 increases by 15–20%. The combination of 2% of aerosil and 2% of chromium dioxide provides the yield stress values that are the same with MRF-3, which uses 8% of chromium dioxide.

Rheological Characteristics in the Mode of Sinusoidal Shear Oscillations

Figure 5 shows the dependences of the components of the complex shear modulus on the amplitude of the deformation at the magnetic field induction B = 0 ÷ 1000 mT obtained in mode (3).
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FIGURE 5. Dependences of the components of the complex shear modulus on the deformation amplitude at different magnetic field induction (A,A′—MRF-1; B,B′—MRF-2; C,C′—MRF-3; D,D′—MRF-4): 1-B = 100 mT, 2-300, 3-500, 4-700, 5-1,000.



At small strains (up to 1%), the storage modulus G′ does not change with an increase in the amplitude of the strain (linear range). In a magnetic field with an induction B = 1,000 mT, G′ is 2,000–2,300 kPa for all samples, increasing by 1–2 orders of magnitude compared with the values in the absence of a field. As the strain amplitude increases, the values of G′ fall sharply, decreasing by more than an order of magnitude. The MRF-1 has a less sharp fall. G″ with increasing of εa increases to the value of the deformation amplitude, at which the most rapid decrease in the value of G′ takes place. With increasing magnetic field induction, the values of the loss modulus G″ for all MRF samples increase by 1–2 orders of magnitude. The values of the maxima of G′′max at that move in the region of large deformation amplitudes. The maximum values of the loss modulus G′′max are characteristic for all samples at B = 1,000 mT and εa ≈ 3%. The smallest values of G′′max ≈ 300–350 kPa for MRF-1 and MRF-2, containing aerosil, the highest (almost 1,000 kPa) are for MRF-4, containing bentonite clay.

Let us consider the dependences of the components of the complex shear modulus on the magnetic field induction at a certain constant amplitude of the shear strain. Figure 6 shows such a relationship with εa equal to 0.01%. The loss modulus (Figure 6B) has a maximum at some intermediate value B, then decreases. With increasing magnetic field induction, the size of the structured aggregates of particles of the dispersed phase increases and the viscous resistance to shear grows. With a further increase in B, almost all the aggregates are connected in solid structures, the MRF is in a solid-like state with a predominantly elastic shear resistance, which corresponds to an increase in G′ to maximum values for different B for each MRF.
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FIGURE 6. Dependencies of the storage modulus G′ (A) and loss modulus G″ (B) of MRF on the magnetic field induction at the strain amplitude εa = 0.01%: 1—MRF-1; 2—MRF-2; 3—MRF-3; 4—MRF-4.



With increasing magnetic field induction in the region of small deformations, an increase in the storage modulus of MRF-1 and MRF-2, containing aerosil particles, occurs in all range of B, unlike other samples, where G′ increases in the range up to 200 mT and at higher induction reaches its maximum. In this case, the loss modulus reaches a maximum at induction of 200–300 mT, greater than that of other samples (up to 100 mT), which is apparently caused by the resistance of the aerosil matrix to structuring magnetic particles, which is achieved only in strong fields, at B > 500 mT. So, with an increase in the magnetic field induction up to 200 mT, the values of G′ reach 2,000 kPa for MRF-4, for MRF-3 G″ ≈ 1,500 kPa, for MRF-1 G′ ≈ 880 kPa, for MRF-2 G″ ≈ 620 kPa.

In Figure 7 the dependence of the components of the complex shear modulus on the induction of the magnetic field at a strain amplitude of 2.3%, corresponding to the intensive destruction of the structure as a result of external influence is shown.
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FIGURE 7. Dependencies of the storage modulus G′ (A) and loss modulus G″ (B) of MRF on the magnetic field induction at the strain amplitude εa = 2,3%: 1—MRF-1; 2—MRF-2; 3—MRF-3; 4—MRF-4.



It can be seen that the storage modulus increases smoothly with an increase in the intensity of the external field for all MRF compositions. The storage modulus reaches greatest value in MRF-3, containing chromium dioxide. The loss modulus of this material has a maximum at a value of B ~600–700 mT, with greater induction it decreases. In other MRF samples, an increase in G″ values was observed in the entire range of magnetic induction. The smallest values of G′ and the largest ones of G″ are in MRF-4 containing bentonite clay. At the same time, with small deformations, MRF-4, on the contrary, has the largest values of G′. The composition with bentonite clay has the strongest structure at rest, however, when subjected to shear deformations, it reveal a sharp destruction with the greatest energy losses among the materials studied. The presence of fine ferrimagnetic particles of chromium dioxide (MRF-3) prevents deformation fracture and increases the role of the elastic component of the material.

In Figure 8 the dependences of the strain amplitude εl, at which the loss moduli are maximal, that is, at this strain, the greatest viscous losses are recorded (Figure 5), on the magnetic field induction are shown.
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FIGURE 8. Dependences of the strain amplitude εl at the maximum value of the loss modulus from the magnetic field induction B: 1—MRF-1; 2—MRF-2; 3—MRF-3; 4—MRF-4.



It can be seen that with the induction of a magnetic field up to 100 mT, εl practically does not change, then grows with increasing B. MRF-1, containing aerosil, experiences intense structural destruction with large vibration amplitudes than other samples (curve 1) in the entire range B. Aerosil particles contribute to the formation of a more elastic structure capable of elastically deforming to large deformations.

CONCLUSION

For the purpose of application for controlled damping of layered structures with MRF in various shear modes, four compositions with additions of aerosil, chromium dioxide, and bentonite clay were investigated. The features of the rheological behavior of the MRF at continuous shear, linear increase of shear stress, sinusoidal tangential oscillations depending on the material of additives and magnetic field induction are established.

It has been established that in the continuous shear mode, the composition of MRF with bentonite clay shows a smooth increase in the shear stress with increasing shear rate, thus providing a greater range of its regulation.

In the mode of linear increase of shear stress when chromium dioxide is added to the carbonyl iron, the material shows greater structure strength compared to other compositions.

It is determined in the mode of shear oscillations that the optimal range of the magnetic field induction, in which the greatest change in the viscoelastic characteristics of the MRF takes place, is up to 300 mT. The use of bentonite clay in MR fluid provides the largest increase in loss modulus (from 1 to almost 1,000 kPa) in a magnetic field with strain amplitude in the non-linear region compared with other additives. This allows to recommend this composition for the creation of controlled damping of flat structural elements. The addition of chromium dioxide to the carbonyl iron into MRF allows one to achieve the greatest increase in the elasticity of the material in a magnetic field and, consequently, increase the rigidity of the structure with its use. MRF using bentonite clay in a linear zone of elasticity shows the values of the modulus of elasticity, close to the values for MRF with chromium dioxide.

The possibility of making a more targeted adjustment of the complex composition of the MRF by introducing additional particles of magnetic and non-magnetic nature makes it possible, for all the considered shear modes, to determine the features of their use in layered structural elements depending on the assigned tasks—increasing rigidity or damping, as well as yield stress.
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