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This article studies the creep and recovery behavior of magnetorheological grease (MRG) under constant stress shear. The experiment is done by using a parallel plate rheometer with magnetron attachment and temperature control unit. The effects of constant stress, CI particle concentration, magnetic flux density and temperature on creep and recovery behavior are systematically studied. Experimental results show that as the constant stress increases, the response strain will also increase. The creep strain tested under zero field is higher than the value tested under a magnetic field, indicating that the creep and recovery behavior of MRG is highly dependent on the magnetic field strength. In addition, the creep and recovery behavior of MRG is greatly affected by temperature. Under the action of a magnetic flux density, the creep strain will decrease with the increase of temperature. The result is opposite at zero magnetic field.
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INTRODUCTION

The time-dependent viscoelastic properties of polymer materials are mainly characterized by creep and recovery, which is an important standard to evaluate the dimensional stability of engineering materials (Xia et al., 2007; Iurzhenko et al., 2014; Chen et al., 2015). When the material is loaded with constant stress, the phenomenon that the strain will change with time is called creep. If the stress is removed instantaneously, the strain of materials changes with time without stress, and the phenomenon is defined as recovery. Research on creep and recovery behavior of viscoelastic materials is the main means to evaluate their properties, which provides theoretical support for its practical application.

The magnetorheological (MR) material is an intelligent material, it generally includes MR fluid (Cheng et al., 2021), MR gel (Mao et al., 2020; Zhang and Wang, 2020), MR elastomer (Yang et al., 2015; Fu et al., 2019) and MR grease (Ye et al., 2021). its rheological properties will change continuously, rapidly and reversibly under the external magnetic field. As an intelligent viscoelastic material, the creep and recovery behavior was studied by many scholars. Li et al. (2002) completed a study of the effects of magnetic field strength and temperature on creep behavior. The results indicated that MR fluids have two different viscoelastic behaviors. The behavior as linear viscoelastic bodies at small stresses. With increasing constant stresses, the MR fluids have nonlinear viscoelastic, viscoplastic and purely plastic properties at the same time. The creep and recovery behaviors of MR fluids can be explained by a typically thick column structure. Li et al. (2002), Weihua et al. (2010) studied the creep and recovery behavior of MR elastomers under constant stress. They established a four-parameter viscoelastic model to describe the creep behavior of the MR elastomer. The comparison between the experimental results and the model prediction results shown that the model can well predict the creep behavior of the MR elastomer. Xu et al. (2012) investigated the creep and recovery behaviors of MR plastomer under constant stress and proposed a hypothesis to explain the temperature effect on the creep behaviors of the MR plastomer. The experiment showed that there are a great discrepancy in creep curves for the isotropic and anisotropic MR plastomer under an external magnetic field. Qi et al. (2016) investigated the creep and recovery behaviors of MR elastomers based on polyurethane/epoxy resin (EP) graft interpenetrating polymer networks. The experiment illustrated that the presence of interpenetrating polymer networks leads to a significant improvement of creep resistance of MR elastomers. Several theoretical models [i.e., Findley’s power law model (Findley et al., 1977), Burgers model (Yao et al., 2013), and Weibull distribution equation (Fancey, 2005)] were used to simulate the creep and recovery of the specimens. The influence of EP content and magnetic field on the fitting parameters were discussed, and the corresponding physical mechanism was proposed to qualitatively explain it.

The magnetorheological grease (MRG), as a kind of MR material. It has the advantages of good anti-settling performance, less leakage, high MR effect and simple preparation. Thus, it has a good application prospect in various devices such as buffer (Ou et al., 2017; Ouyang et al., 2019), clutch (Kavlicoglu et al., 2013; Fernandez et al., 2018) and brake (Wang D. et al., 2019). At present, researchers have carried out a lot of research on the related properties (viscosity, shear stress, yield stress, storage modulus, and energy dissipation modulus, etc.) of MRG (Rankin et al., 1999; Park et al., 2011; Kim et al., 2012; Hu et al., 2015; Mohamad et al., 2016a,b, 2018; Wang H. X. et al., 2019). However, there are no published literature reports on the creep and recovery behavior of MRG.

Based on the existing research results of the creep and recovery behavior for smart materials, the creep and recovery test research for MRG is carried out, which provides theoretical guidance for the future and its applications. In this paper, The main contents of this paper are as follows. An advanced MR instrument was used to test the flow curve, creep and recovery behavior of MRG in shear mode. The effects of constant stress, magnetic field strength, CI particle content and temperature on creep and recovery behavior are systematically studied. The reasons that why the creep and recovery behavior are affected by different factors are analyzed and discussed.



EXPERIMENTAL TESTING


Materials Preparation

In this paper, MRG is made by uniformly mixing carbonyl iron powder and the grease. Among them, the carbonyl iron particles (dispersed phase) are purchased by BASF and the average particle size is 6 μm. Lithium-based grease is manufactured by Shell (china) Ltd. It is used as a carrier medium for magnetic particles. The physical properties of lithium grease are shown in Table 1. In this article, a MRG sample containing 70% carbonyl iron powder was prepared. The simple preparation process is shown in Figure 1. First, weigh 30 g of grease and pour it into a vial, then use a mechanical stirrer to stir at 800 rpm for about 10 min, and keep its temperature at 80°C. After the stirring is completed, 70 g of CI particles are poured into the stirred matrix. Finally, use a stirrer to thoroughly mix the grease and CI particles to obtain MRG. At this time, it is recorded as MRG-70. In addition, for experimental needs, a MRG with a mass fraction of carbonyl iron powder of 50% was also prepared. It is referred to as MRG-50 for short. Due to the unique characteristics of lithium-based grease in MRG, the sedimentation in the material is greatly reduced. Due to the unique characteristics of lithium-based grease in MRG, the precipitation in the material is greatly reduced.


TABLE 1. Features of the grease used in this paper.
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FIGURE 1. Flow chart of preparation for MRG.




Creep and Recovery Behavior of Viscoelastic Materials

At a constant temperature, the creep and recovery curve of a typical viscoelastic material is shown in Figure 2. It can be seen from Figure 2 that the strain of the material increases logarithmically with time in the stress section, that is, the creep stage. When the stress is removed, the strain of the material quickly decreases to a certain value, that is, the viscoelastic material is in the recovery stage. In Figure 2, τ0 is a constant stress and γ is a strain.


[image: image]

FIGURE 2. Creep and recovery behavior to an applied constant stress for linear viscoelastic materials.



Creep Phase

It can be seen from Figure 2, when a constant stress τ0 is applied to the sample for a time period, the strain generated by the sample is composed of instantaneous strain γs, retardation strain γd(t), and viscous flow γv(t). Therefore, the relationship between the creep strain γC of the sample and the time t can be expressed as formula (1).

[image: image]

For linear viscoelastic materials, the strain only has instantaneous strain, which represents the material’s reversible (when stress is applied and eliminated) elastic characteristics. Usually, the elastic strain of linear viscoelastic materials is expressed as γs = γe, The second term on the right side of the formula (1) represents the retardation strain, which decreases with the increasing trend of time, showing a yielding trend. Under the effect of the chain uncoiling of the material, it can be fully recovered within a certain period of time and has elastic properties (Qi et al., 2016). The viscous flow is the irreversible part of the creep strain. It has a linear relationship with time in a linear viscoelastic fluid (Qi et al., 2016).

Since the magnitude of the three components of creep strain is proportional to the magnitude of the input stress, a creep compliance function can be defined as:

[image: image]

Substitute equation (1) into equation (2) to get

[image: image]



Recovery Phase

It can be seen from Figure 2 that when the sample stress (t = t0) is eliminated, the instantaneous strain γs recovers instantly, the retardation strain γd(t) gradually recovers, and the viscous flow γv(t) does not change. Therefore, the relationship between recovery strain with time can be expressed by equation (4).

[image: image]

Similar to the definition of JC(t), the definition of a recovery compliance function is as shown in formula (5)

[image: image]

Assuming that the viscoelasticity of the sample is linear, the total creep strain at any time can be expressed as the sum of two independent strains, as shown in eq. (6).

[image: image]

where, τ0JC(t0) is the creep strain at t = t0 and τ0JR(t−t0) is unloading at t = t0.



Creep and Recovery Behavior of Nonlinear Viscoelastic Materials

The instantaneous strain produced by linear viscoelastic materials under constant stress loading only represents its elastic coefficient(γs = γe), which can be completely restored after stress is eliminated. However, for nonlinear viscoelastic-plastic materials, the instantaneous strain generated under constant stress loading characterizes the elastic and plastic properties of the material, as shown in Figure 3, and the expression is shown in eq. (7). As shown in Figure 3, after the stress is removed, the instantaneous recovery strain is equal to the elastic strain, and the plastic strain cannot be recovered.


[image: image]

FIGURE 3. Creep and recovery behavior of nonlinear viscoelastic materials.
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In the formula, γp represents plastic strain.



Experimental Method and Testing

Magnetorheological grease was measured by using a parallel plate rheometer (Physica MCR 302, Anton Paar, Austria) with a magnetron unit (MRD 180) and a temperature control unit (JULABO F25). In this study, a plate rotor with a diameter of 20 mm was used. During the experiment, the gap between the plate and the base was set to 1 mm. The calculated results show that the sample required for each experiment is about 0.315 mL.

This experiment mainly studies the creep and recovery characteristics of MRG. In the rotating shear test, the flow curve of MRG under different magnetic flux density was measured, and the shear rate was set to 0.1 s–1 to 100 s–1. Creep and recovery characteristics are also tested under shear conditions. For the experiment on the effect of creep recovery behavior under constant stress, the constant stress is 50, 100, 165, and 200 Pa when the zero field is set, and when the magnetic flux density is 47 mT, the constant stress is 50, 100, and 200 Pa. In the magnetic field strength test, the fixed stress is set to 50 Pa and the magnetic flux density is set to 0, 24, 47, 67, 96, and 120 mT. In addition, the effect of the mass fraction of CI particles in different MRGs on the creep recovery curve is studied. And in the temperature influence experiment, set the temperature to 10, 50, and 70°C, and the fixed stress is 200 Pa; Compare the creep and recovery behavior with or without magnetic field. In the experiment, except for the temperature experiment, all other test temperatures were tested at 30°C. In addition, the entire test must be pre-sheared (the shear rate is constant at 10 s–1, pre-shearing time 20 s) to ensure the consistency of each measurement and all experiments are performed three times to ensure the data obtained repeatability.



RESULTS AND DISCUSSION


Dynamic Yield Stress

When using rheometer equipment, the selected magnetic field is expressed in the form of current, and the magnetic flux density corresponding to the current is calculated by the relationship between the current and the magnetic flux density in Figure 4. Figure 5 shows the relationship between the shear rate and shear stress of MRG under different magnetic field strengths. It can be seen from Figure 4 that the shear stress increases with the increase of the shear rate. In addition, when the shear rate is constant, the value of the shear stress will increase with the increase of the magnetic flux density.


[image: image]

FIGURE 4. The relationship between current and magnetic flux density.



[image: image]

FIGURE 5. The flow curve of MRG-70 under various magnetic flux density.


In this study, the Bingham-plastic model was used to describe the plastic flow stage of MRG in different magnetic fields. The model is defined as (Rabbani et al., 2015):

[image: image]

where τ and [image: image] represent the shear stress and shear rate, respectively. τy is yield stress as a function of magnetic field and ηp is the plastic viscosity. Use Origin8.0 software to fit Figure 5 to get the dynamic yield stress. Table 2 lists the dynamic yield stress under different magnetic field conditions.


TABLE 2. The dynamic yield stress of MRG-70 under different magnetic induction intensity.

[image: Table 2]


The Influence of Stress Level on Creep and Recovery Behaviors

Constant stress is an important parameter when measuring creep and recovery characteristics, and its value has an important influence on creep and recovery characteristics. In addition, MRG is a smart material that is sensitive to magnetic field. Therefore, in this section, for the purpose of comparative study, we will conduct creep recovery characteristics experiments on both the magnetic field and the non-magnetic field. The experimental results are shown in Figure 6. It can be seen from Figure 6 that the MRG creep curve increases with time when it is in the retardation strain. After the stress is relieved at 150 s, the strain immediately drops to a lower level. However, there are big differences between the two cases with and without magnetic field. For example, under the same shear stress of 200 Pa, the response strain without magnetic field strength is larger than the response strain after loading the magnetic field. This is because the magnetic field makes the MRG become stiffer and the interaction of iron particles restrict the movements of chain, which leads to a reduction in strain. In addition, as the constant stress level increases, the response strain will increase accordingly, whether or not an external magnetic field is applied to MRG. Moreover, the response strain is proportional to creep time in the absence of magnetic field. According to Table 2, the dynamic yield stress of MRG under zero magnetic field is 165 Pa, so when the shear stress is set to be greater than or equal to 165 Pa, the material basically has no recovery behavior.


[image: image]

FIGURE 6. Creep and recovery curves of MRG under different constant stress. (A) B = 0 mT; (B) B = 47 mT.




The Influence of Magnetic Field Strength on Creep and Recovery Behaviors

Magnetic excitation is one of the most important characteristics of MR materials. Figures 7A,B shows the dependence of the magnetic field on MRG creep and recovery behavior under a constant stress of 50 Pa, where the field strength is set to 0, 24, 47, 67, 96, and 120 mT; It can be seen from Figure 7 that under the same creep time and stress, the creep strain decreases sharply with the increase of the magnetic field. The creep strain of the MRG without a magnetic field is 213 times that of the MRG with a 120 mT magnetic field, and the ratio will increase as the creep time increases. The reason is that the greater the magnetic field strength, the more stable the chain structure in the MRG will reduce the creep strain. In the absence of a magnetic field, MRG behaves as a viscous liquid, and its low viscosity makes the shear stress of the material very low. However, after the constant shear stress is eliminated (more than 150 s), the creep strain can drop sharply, and change smoothly after reaching a certain value. It can be seen from Figure 7 that the creep strain can be partially recovered.


[image: image]

FIGURE 7. Creep and recovery curves of MRG under the combined action of 50 Pa stress and different magnetic fields.




The Influence of CI Particle Content the Creep and Recovery Behavior

Previous studies have shown that the content of CI particles has a great influence on the viscosity and shear stress of MR materials, so this experiment tested the effect of the content of CI particles in MRG on creep recovery characteristics. Figure 8A shows the creep and recovery characteristics of the tested MRG mass fractions of 50% and 70% under no magnetic field and constant stress of 100 and 200 Pa. It can be seen from Figure 8A that before 150 s, the response stress increases linearly with time, and after 150 s, the MRG strain almost stabilizes, which is consistent with the results in section “The Influence of Stress Level on Creep and Recovery Behaviors.” In addition, under the same mass fraction (50 or 70%), the greater the response stress applied, the greater the strain of MRG, which is consistent with the results in section “The Influence of Stress Level on Creep and Recovery Behaviors.” For different mass fractions, the higher the CI mass fraction in the MRG, the smaller the strain value, because the higher the CI mass fraction, the viscosity value in the MRG will increase, which will make the strain value higher than the low mass fraction MRG. In addition, Figure 8B shows the creep and recovery characteristics of the tested MRG mass fractions of 50 and 70% under the magnetic field of 47 mT. It can be seen from Figure 8B that the result after applying a magnetic field has a similar trend to the result without applying a magnetic field, but the difference is that the amount of strain of the MRG material is smaller after applying a magnetic field. This result has been obtained in section “The Influence of Magnetic Field Strength on Creep and Recovery Behaviors.”


[image: image]

FIGURE 8. Creep and recovery curves of MRG under different mass fractions (A) B = 0 mT; (B) B = 47 mT.




The Influence of Temperature on the Creep and Recovery Behavior of MRG

Figure 9 shows the creep recovery behavior of MRG at three temperatures of 10, 50, and 70°C under a constant stress of 200 Pa. The experiment was done under the absence of magnetic field. It can be seen from Figure 9 that under the same creep time, the creep strain will increase with the increase of temperature. This is because the viscosity of MRG will become thinner under the action of no magnetic field with the increase of temperature (Wang H. X. et al., 2019). The softening of the material results in a smaller creep strain. This is exactly the same as the result of MR plastomer (Xu et al., 2012).


[image: image]

FIGURE 9. The creep and recovery curves of MRG-70 under a 200 Pa constant stress for MRG-70 at different temperatures.


In order to clearly see the recovery behavior of MRG at various temperatures (10, 50, and 70°C), Figure 9 is drawn separately to obtain Figures 10A–C. From Figures 10A–C, when the temperature is 10°C, the recovery behavior of MRG is the best. When the temperature increases to 70°C, it can be seen that the recovery part is basically the same, so it can be concluded that the recovery is very small. This is because when there is no magnetic field, the viscosity of the MRG will decrease with the increase of temperature (Fernandez et al., 2018), so its deformation will become larger.


[image: image]

FIGURE 10. The creep and recovery curves of MRG-70 under a 200 Pa constant stress for MRG-70 under different temperatures (A) T = 10°C; (B) T = 50°C; (C) T = 70°C.


Compared with Figures 10, 11 was tested under a magnetic flux density of 47 mT to study the creep recovery behavior of MRG at different temperatures (10, 50, and 70°C), and the shear stress was set to 200 Pa. It can be clearly seen from Figure 11 that the creep strain will decrease with the increase of temperature under the same creep time, which indicates that the strain in MRG is not only related to the matrix but also to the strength of the magnetic field. Under the influence of the matrix, it becomes harder with increasing temperature. This is quite different from the results obtained from MR fluid (Li et al., 2002), the conclusion may be caused by a different matrix from the material of the research object.


[image: image]

FIGURE 11. The creep and recovery curves of MRG-70 under a 200 Pa constant stress for MRG-70 under different temperatures T = 10°C; T = 50°C; T = 70°C.




CONCLUSION

In this paper, a commercial lubricating grease was used as a matrix to prepare MRGs with carbonyl iron powder mass fractions of 50 and 70%, respectively. Constant stress, magnetic field strength, CI particle content and temperature were studied by Anton Paar MCR302 rheometer. The main conclusions of the influence on the creep and recovery characteristics of MRG are as follows:


(a)Different constant stresses show different creep and recovery characteristics. As the constant stress level increases, the response strain will increase accordingly. In addition, the creep strain of MRG decreases with the increase of the magnetic field strength. The creep strain of MRG tested under no magnetic field is greater than that of MRG tested under magnetic field.

(b)The higher the content of CI particles in MRG at zero field, the higher its viscosity value, which will make the creep strain value smaller. In addition, when the applied magnetic flux density is 47 mT, it is found that the research results have a similar trend with the results without the applied magnetic field. However, the strain amount of the MRG material is smaller after the applied magnetic field.

(c)In the absence of a magnetic field, the creep strain of the MRG increases with the increase in temperature during the same time test. on the contrary, under the action of a magnetic field, the creep strain will decrease with the increase of temperature. Therefore, it can be inferred that the magnetic interaction between the iron particles and the coupling between the matrix and the iron particle chain are the reasons for the influence of temperature on the magnetic field creep behavior of the MRG.
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