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Magneto-Induced Normal Stress of Magnetorheological Gel Under Quasi-Statically Monotonic and Periodically Cyclic Loading
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Magnetorheological (MR) gel, an analog of MR fluid, is a novel kind of magnetic-responsive material. In this article, the influence of quasi-statically monotonic loading and periodically cyclic loading on the normal stress behavior of MR gel (MRG) is systemically investigated. Firstly, carbonyl iron powder (CIP) and soft polymer were adopted for the fabrication of MRG. Then, the variations of normal stress with shear strain were tested under different excited magnetic fields, shear rates, CIP contents, and shear strain amplitudes. It was found that the normal stress behavior of MRG exhibits three prominent stages: a sudden rise at the beginning, followed by a rapid decrease, and then a final steady-state value. The experiments also indicated that the excited magnetic field, compared with other influencing factors, has the most critical effect on the normal stress behavior of MRG. The corresponding mechanisms of various phenomena were methodically discussed. Furthermore, the ratio of shear stress to normal stress was proposed to better comprehend the mechanism of the evolution of internal microstructures of MRG and MR effects from a novel perspective. The results implied that the ratio has a close relation to the excited magnetic field and CIP content of MRG. The increase of normal stress is helpful for the fabrication of MRG with a high-efficiency MR effect.
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INTRODUCTION

Magnetorheological (MR) gel is a sort of intelligent material whose rheological properties could be changed expeditiously and reversibly by controlling the excited magnetic field (Xu et al., 2017; Meharthaj et al., 2019). MR gel (MRG), an analog of MR fluid and MR elastomer, is typically fabricated by dispersing soft magnetic particles into the cross-linked polymer matrix. Due to the existence of the viscoelastic polymeric matrix, MRG could overcome many defects occurred in MR fluid (Ashtiani et al., 2015) to some extent, such as sedimentation problem and sealing problem. Also, magnetic particles in MR elastomer could not move easily owing to the constraint of the rigid rubber matrix, which means that the MR effect of MR elastomer is highly weaker than that of MRG (Xu et al., 2011). Therefore, it is promising for MRG to be employed in engineering devices, such as MR dampers (Rahman et al., 2017; Rossi et al., 2018), MR isolators (Li et al., 2013; Ahamed et al., 2018), and MR actuators (Khazoom et al., 2020).

Up to date, publications on MRG paid attention to the shear response behavior (Auernhammer, 2019; de Sousa et al., 2019; Zhang et al., 2019), such as shear yield stress, damping performance, and shear modulus. In contrast, the investigations on normal stress behavior of MRG are relatively infrequent. However, normal stress of MR material has a strong effect on the performance of some engineering devices, such as MR damper (Yazid et al., 2016) and MR finishing (Lambropoulos et al., 2010). Moreover, the normal stress behavior is also significant for understanding the mechanism of the MR effect and the evolution of particle microstructures. Gong et al. (2012) investigated the normal force behavior of MR fluid under the steady and oscillatory shear condition by employing a commercial rheometer with parallel-plate geometry. They proposed a dynamic simulation method to predict the normal force of MR fluid. Lopez-Lopez et al. (2010) conducted a series of experiments to validate the accuracy of their proposed theoretical model used to calculate the normal force of MR suspensions (Lopez-Lopez et al., 2010). The proposed model comprised the viscoelastic response of MR fluid and the influence of Maxwell stress and can help us better understand the normal force of MR fluid. See et al. observed that the normal force pushed apart the plate with the increase of the magnetic field when no deformation was applied to the MR suspension (See and Tanner, 2003). However, the normal force decreased firstly and then plateaued with the shear strain when continuous shearing was applied to MR suspension. The normal force of MRG under steady and oscillatory shear condition was firstly investigated by Ju et al. (2013). They systematically analyzed the influence of various excited factors (temperature, time history and frequency, etc.) on the normal force of MRG. The results revealed that the normal force of MRG is highly dependent on the magnetic field. Gong et al. (2012) discussed the non-linear behavior of normal stress of MR polymer gel under large amplitude oscillatory shear condition (Pang et al., 2018). They found that the alteration of normal stress was mainly influenced by two factors, Poynting effect and excited magnetic field, which are both relevant to the interior microstructures of MR polymer gel. The experimental results in the literature of Yang et al. (2017) revealed that the loss factor of MRG witnessed a reduction with the increase of CIP content. This is possibly because the molecular chain of polyurethane (PU) matrix becomes shorter and the particle chains keep thickening due to the increment of CIP content. Wang et al. (2016) used a modified split Hopkinson pressure bar (SHPB) instrument to study the strain-rate compressing behavior of a kind of new smart material, magnetically responsive shear-stiffening gel (MSTG). They found that the elastic modulus of MSTG with 45% CIP content could be as high as 126.6 MPa, nearly 791,250 times larger than that at normal state. Zhang et al. proposed a new phenomenon model for predicting the non-linear mechanical behavior of MRG, and the model is more computationally efficient than the previous models (Zhang and Wang, 2020).

As mentioned above, the current research on normal stress of MR materials is investigated mostly under the static shear and dynamic shear. However, it is worthwhile to note that many engineering devices work under the quasi-statically monotonic shear and periodically cyclic shear condition (Liu et al., 2014), such as high building and vehicle suspension system. In general, the loadings that are exerted on MR devices are divided into three kinds—static loading, dynamic loading, and quasi-static loading—which are distinguished by shear rate (Kuwano et al., 2013; Perez et al., 2016; Wang et al., 2019). The shear rate of quasi-static loading ranges from 10–4 to 10–1 s–1, which works as a “bridge” between static loading and dynamic loading. The performance of MR device usually has a close correlation to the normal stress behavior of MR material in the process of quasi-static loading. On the other hand, MRG exhibits the feature of magneto-stimuli and magnetostriction due to the existence of polymeric matrix and magnetic particles. The prolongation of MRG is large in the presence of a magnetic field, resulting from the stretching and twining of soft segments in polymeric matrix and the particle-assembled chain structures. However, the microstructures of MRG, such as particle chains and soft segments, will be sheared ceaselessly under the application of large deformation. Simultaneously, the microstructures are tended resist the shearing and to recover continuously due to the quite low shear rate. This complex evolutive process of internal microstructures leads to the special normal stress behavior of MRG. However, up to now, publications on the normal stress of MRG under quasi-static loading condition are relatively rare. Thus, to better employ MRG in engineering devices, it is a necessity to close this gap, and this is also the motivation of this work.

This work intends to study the normal stress of MRG under quasi-statically monotonic loading and periodically cyclic loading condition. Firstly, MRG with different carbonyl iron powder (CIP) contents, i.e., 40%, 60%, and 70%, was fabricated. Then, the influence of the magnetic field, shear rate, and CIP content on the normal stress of MRG was systematically investigated under monotonic loading condition. Finally, influence of shear strain amplitude on the normal stress of MRG was analyzed under cyclic loading condition. The relevant microscopic mechanisms were proposed to explain the corresponding macroscopic phenomena.



EXPERIMENT


Fabrication of Magnetorheological Gel

Figure 1 shows briefly the process of fabrication of MRG sample. Polypropylene glycol [PPG-2000, Mn = 2,000, Sigma-Aldrich (Shanghai) Trading Co., Ltd., China] and toluene diisocyanate (TDI; 2,4- ≈ 80%, 2,6- ≈ 20%, Tokyo Chemical Industry Co., Ltd., Japan) are the two main reactants. They were stirred vigorously in a flask, and the reaction was conducted at 80°C. Two hours later, dipropylene glycol [SOL; Sigma-Aldrich (Shanghai) Trading Co., Ltd., China], a chain extender, was added to the flask, and the temperature was controlled at 60°C. Then, moderate stannous octoate (Sinopharm Chemical Reagent Co., Ltd., China) was selected as a catalyst and added to the reaction. The preparation of PU matrix was completed until the viscosity of the mixture increased considerably. Finally, the MRG samples with different CIP contents were fabricated after blending CIP with PU matrix evenly and named as MRG-40, MRG-60, and MRG-70. More details about the synthesized procedure could be seen in our previous work (Mao et al., 2020).


[image: image]

FIGURE 1. Schematic diagram of the fabrication process for magnetorheological gel (MRG).




Testing for Normal Stress

A commercial rheometer (Type MCR 302, Anton Paar Co., Graz, Austria) with a plate–plate geometry was adopted to test the normal stress of MRG, and its schematic diagram is presented in Figure 2. MRG samples were placed between the upper and lower plates. The diameter of the two plates is both 20 mm, and the gap distance between them is 1 mm. In this work, the directions parallel to the magnetic field and vertical to the magnetic field are defined as the normal direction and the lateral direction, respectively. The normal stress and the lateral stress (i.e., shear stress) are simultaneously collected during the testing process. Moreover, according to Laun and Tian, the normal stress (Nd) of MRG could be calculated on the basis of the following equation (Laun et al., 2008; Jiang et al., 2011): Nd = N1−N2 = 2Fn/πR2, where N1 is the primary normal stress, N2 is the secondary normal stress, Fn is the measured normal force by rheometer, and R is the radius of the plate (i.e., 10 mm). The measurable range of normal force Fn is from −50 to 50 N with an accuracy of 0.03 N.
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FIGURE 2. Schematic diagram of the MCR 302 commercial rheometer.


On the other hand, the quasi-static loading comprises two types of loading mode (Mao et al., 2020)—monotonic loading mode and cyclic loading mode—as shown in Figure 3. In the monotonic loading mode, the shear strain applied on the samples increases linearly from 0 to 100% in four different times (i.e., 200, 50, 25, and 12 s). The shear rates could be calculated as [image: image], and thus the shear rates are 0.005, 0.02, 0.04, and 0.083 s–1, respectively. In the cyclic loading mode, the shear strain increases firstly from 0 to 100%, and then from 100 to −100%, and finally from −100 to 0%. Furthermore, all the tests were undertaken at 25°C.


[image: image]

FIGURE 3. Testing principles of quasi-static monotonic loading (A) and cyclic loading (B).




RESULTS AND DISCUSSION

The influencing factors on MRG include the magnetic field, CIP content, shear rate, and shear strain. The purpose of investigating the rheological properties of MRG is to apply it into practical engineering devices, such as dynamic vibration absorber (DVA). In practice, the magnitudes of shear rate and shear strain amplitude depend on the external working conditions, and therefore, the investigation about the influence of stain rate and strain amplitude on normal stress behavior is necessary. In addition, the MRG itself is also a kind of magnetic responsive material. Thus, except for the exterior operating conditions, it is imperative to know that the magnetic field and the quantities of magnetic particles (i.e., CIP content) could influence the normal stress behavior of MRG to a certain degree.


Normal Stress Behavior of Magnetorheological Gel Under Quasi-Statically Monotonic Loading Condition


Influence of Magnetic Field on the Normal Stress Behavior

Figure 4 shows the photographs and microstructures of MRG with and without magnetic fields. MRG presents a semi-fluid-like state, and the magnetic particles disperse randomly in PU matrix when the external magnetic field is not applied. It is because the occurrence of a normal attracting effect (Guo et al., 2012) of MRG makes the plates be attracted to each other. In the presence of a magnetic field, MRG experiences a phase change from a semi-fluid-like state to a semi-solid-like state. Correspondingly, the particles form chain-like microstructures along the direction of the magnetic field, resulting in the occurrence of macroscopic peak structures (Yao et al., 2016). These peak structures will act to push apart the plate of rheometer, and this normal pushing effect will overcome the normal attracting effect. Therefore, the normal stress of MRG is measured. Also, it can be seen from Figures 4B,C that the larger the magnetic field strength, the more the peak structures. Therefore, one can conclude that the effect of the magnetic field will increase the attractive force between particles, resulting in the generation of normal stress. Simultaneously, the peak structures are highly dependent on the microscopic transformation of particle-chain structures (Yao et al., 2015). On the other hand, the evolution of microstructures could be significantly controlled by the external magnetic field. Thus, the normal stress behavior of MRG is hugely relevant to the excited magnetic field.


[image: image]

FIGURE 4. Photographs of magnetorheological gel (MRG) with and without a magnetic field: 0 kA/m (A), 293 kA/m (B), and 740 kA/m (C). Microstructures of MRG (D). The white points represent magnetic particles.


Then, a magnetic field sweep mode was applied to investigate the normal stress behavior of MRG with different CIP contents under quasi-static shear (as shown in Figure 5). The normal stress increases with the increase of magnetic field strength and CIP content. The experimental data in Figure 5 are consistent with the morphology changes of MRG presented in Figure 4. The higher the magnetic field strength is, the stronger the magnetic attractive force between iron particles is, and the larger the normal stress is (as directly displayed in Figures 4B,C). Moreover, compared with MRG-40 and MRG-60, MRG-70 possesses more magnetic particles, leading to the more column-like or cluster-like particle chains under constant magnetic field strength. Therefore, MRG with a higher CIP content will achieve larger normal stress under higher magnetic field strength. Under a dynamic shear mode, the normal stress behavior of MRG could be estimated by the power model (Ju et al., 2013): Nd = kH2, where k is the coefficient and H is the magnetic field strength. The fitting results are displayed as black lines in Figure 6, and the magnitudes of coefficient k are presented in Table 1. However, it can be seen from Figure 6 that the power model could not perfectly characterize the normal stress behavior of MRG under the quasi-static shear mode. This is possibly due to the special sigmoid shapes of the Nd–H curves. The increasing speed of normal stress (i.e., the slopes of Nd–H curves) firstly appears a fast growth and then slows down after the magnetic field strength exceeds a critical value (Mao et al., 2020). Thus, a modified magnetization model (Zubieta et al., 2009) was used to describe the variation of normal stress with magnetic field strength under the quasi-static shear mode. The expression of magnetization model is Nd = NH = ∞ + (NH = 0−NH = ∞)2(e−αH−0.5e−2αH), where NH    =0 is the field-off normal stress, NH    =∞ is the saturation value of normal stress, and α is saturation moment of index of normal stress (Guo et al., 2012). It can be seen from Figure 6 that the magnetization model, compared with the power model, could fit the experimental results better because the magnetization model takes the influence of magnetic saturation into account. Thus, magnetization model is more appropriate to characterize the normal stress behavior of MRG under the quasi-static shear mode, while the power model could estimate the normal stress of MRG under a dynamic shear mode.


TABLE 1. Magnitudes of the fitting parameters.

[image: Table 1]
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FIGURE 5. Normal stress of magnetorheological gel (MRG) with different carbonyl iron powder (CIP) contents under magnetic field sweep (quasi-static shear with a shear rate of 0.04 s–1).



[image: image]

FIGURE 6. The experimental results and fitting cures with the power model and magnetization model for MRG-40 (A), MRG-60 (B), and MRG-70 (C).


To further understand the mechanism of filed-dependent normal stress behavior of MRG, the normal stress of MRG-60 versus shear strain under four different magnetic fields and constant shear rates of 0.04 s−1 is displayed in Figure 7. The normal stress of MRG is nearly zero and negligible in the absence of a magnetic field while significant in the presence of a magnetic field, corresponding to the change of morphological structures displayed in Figures 4A–C. When the external magnetic field is not applied, the magnetic particles disperse evenly without forming chain-like structures, and thus, no peak structures appear due to the surface tension of MRG and the gravity of magnetic particles (Yao et al., 2015). Thus, normal stress of MRG is almost constant and negligible with the increase of shear strain. This phenomenon indirectly implies that the effect of shear deformation on normal stress behavior is much weaker than that of the magnetic field. When a magnetic field is applied, normal stress of MRG firstly appears an abrupt increase (stage 1), then decreases rapidly with the increase of shear strain (stage 2), and finally reaches a plateau after the shear strain exceeds a critical value (stage 3) (Wang et al., 2019). Besides, larger normal stress will be achieved at larger magnetic field strength. Transformation of normal stress from stage 1 to stage 2 and then to stage 3 could be explained with a microstructure theory (Lopez-Lopez et al., 2010; Wang et al., 2019), as shown in Figure 8. The randomly dispersed magnetic particles (Figure 8A) will aggregate to vertical chain-like structures (Figure 8B) within milliseconds as soon as a magnetic field is applied, resulting in the magnetic interaction and attractive force between the magnetic particles. Thus, the normal stress of MRG appears a sudden increment firstly (stage 1), which indicates that MRG changes from a viscous flow state (Figure 4A) to a semi-solid state (Figures 4B,C). Then, the perpendicular long particle chains tilt into angles (Figure 8C) and break into unstable short chains with the increase of shear strain. This process leads to the rapid reduction of the normal stress of MRG (stage 2). Finally, the unstable short chains are inclined to aggregate together to form stable long chains due to the existence of the magnetic attractive force between magnetic particles. Simultaneously, the fracture of the long chains is still in process with the increase of shear strain. Therefore, a dynamic balance will eventually occur between the fracture and reconstruction of particle chains (Figure 8D), which gives rise to the gradual stability of the normal stress (stage 3).


[image: image]

FIGURE 7. Variation of the normal stress with shear strain for MRG-60 under four different magnetic fields and constant shear rate.



[image: image]

FIGURE 8. The microstructure of magnetorheological gel (MRG): randomly dispersed particles (A), magnetic field-induced perpendicular particle chains (B), shear strain-induced tilted particle chains (C), and dynamic equilibrium between the fracture and rebuilding of particle chains (D).


Interestingly, another notable phenomenon is that the normal stress will still decrease slightly and obscurely after getting into stage 3, which is similar with the MR fluid (Guo et al., 2012). For example, the normal stress decreases to a certain extent at 96 kA/m of magnetic field strength when the shear strain exceeds the critical value (corresponding to the diagonal line shown in Figure 7). However, this phenomenon will progressively disappear with the increase of the excited magnetic field. This could be interpreted with the following theory. The contribution of shear strain to the fracture of particle chains is constant no matter how large the magnetic field strength is. However, the larger the magnetic field strength, the stronger the magnetic interaction between the particles, and the greater the contribution of the magnetic field to the reconstruction of long particle chains. Thus, the effect of reconstruction on particle chains is weaker than that of fracture when the magnetic strength is relatively small, which leads to the above-mentioned phenomenon.

The MR effect, the most important rheological properties of MR materials, generally results from the magnetic interaction between the polarized magnetic particles. Since both the normal stress and shear stress are also highly relevant to the magneto-induced particle chain microstructures, an investigation on the correlation between the normal stress and shear stress is of great benefit to better understand the mechanism of the MR effect and guide the design of MR device (Jiang et al., 2011). It can be seen from Figure 9A that the stress behavior of MRG could be segmented into pre-yield region and post-yield region, which depends on whether the shear strain exceeds the critical value, γc, or not (Wang and Liao, 2011). The shear stress of MRG increases rapidly and then tends to level off with the increase of shear strain, whereas the normal stress appears on an opposite trend in the pre-yield region. Also, similar to MR fluid, MRG could be regarded as a kind of linear viscoelastic material in the pre-yield region, where the stress nearly increases (or decreases) linearly with the shear strain. Moreover, the saturations of normal stress and shear stress in the post-yield region arise from the magnetic saturations in MRG. On the other hand, since the MR effect could be simply expressed as the ratio of field-on shear stress to field-off shear stress (Chen et al., 2013) (i.e., MR effect = [image: image]), MRG with high shear tress is of great benefit to design precise devices. Thus, it is necessary to study the factors influencing shear stress. According to the research of Li and Chen, the shear stress is mainly influenced by two factors: magnetic force and friction force. The shear stress could be predicted as follows (Li and Zhang, 2008; Chen et al., 2013): τ = τf + τm = μ⋅Nd + γ⋅Nd, where τf and τm represent friction-induced stress and magnetic-induced stress, respectively, and μ is the friction coefficient. From the equations, one could conclude that shear stress is strongly relevant to the normal stress, particle–particle friction coefficient, and shear strain. Thus, the ratio of shear stress to normal stress is proposed here and may be helpful for better investigating the mechanism of the magneto-responsive behavior of MRG from a new perspective. The ratio of shear stress to normal stress as a function of shear strain is displayed in Figure 9B. Although the ratio of shear stress to normal stress, r, is [image: image], the ratio under different magnetic fields does not increase linearly with the increase of shear strain. The variation of ratio with shear strain could also be divided into two regions: pre-yield and post-yield regions. The ratio appears as a rapid growth firstly (i.e., the pre-yield region) and then reaches saturation (i.e., the post-yield region) with the increase of shear strain. In the pre-yield region, unordered particle structures gradually evolve into cluster-like microstructures or complex network-like structures (Liu et al., 2013) under constant magnetic field strength, which gives rise to the increase of friction coefficient. Thus, the ratio of shear stress to normal stress grows in the pre-yield region. In addition, the ratio reaches saturation in the post-yield region for the reason that the shear stress and normal stress are both nearly constant in that region (shown in Figure 9A). On the other hand, larger ratio happens at smaller magnetic field strength, which is similar with the results of MR fluid (Chen et al., 2013). This is because the normal stress and shear stress increase at different levels with the increase of magnetic fields. Taking the normal stress and shear stress at 194 and 293 kA/m of magnetic field, for example, the increment of shear stress is 3.4 kPa (from 3.2 kPa under 194 kA/m to 5.6 kPa under 293 kA/m), while that of normal stress is 11.3 kPa (from 8.4 kPa under 194 kA/m to 19.7 kPa under 293 kA/m). Because normal stress was much larger than shear stress, with normal stress being the denominator ([image: image]), higher ratio happens under small magnetic fields.


[image: image]

FIGURE 9. The normal stress (Nd) and shear stress (τ) of magnetorheological gel (MRG) as a function of shear strain (A); the ratio of shear stress to normal stress (τ/Nd) as a function of shear strain (B).


It is worth noting here that the total shear stress could be divided into two parts: the magnetic-induced elastic shear stress and the friction-induced shear stress. Thus, to quantitatively analyze the contribution of friction to shear stress, the shear stress (Figure 10A) and storage modulus (Figure 10B) of MRG-60 were tested under quasi-static loading and under oscillatory loading, respectively. It can be seen from Figure 10A that the shear stress increases rapidly at small shear strain, whereas it almost behaves independently from shear strain at high shear strain. However, Figure 10A cannot show the information about the specific contributions of magnetic force or friction force to shear stress. Therefore, the oscillatory experiments with low frequency were conducted, and the results are displayed in Figure 10B. The storage modulus, G′, of viscoelastic material could represent an elastic part or magnetic force contribution because the energy stored in the material could be recovered after the shear is removed (Li and Zhang, 2008). The elastic shear stress, τE (i.e., magnetic force contribution), could be calculated using the equation τE = G′γ, and the results are displayed in Figure 10C. The stress difference between the results presented in Figures 10A,C indirectly demonstrates the contribution of friction to the total shear stress (i.e., friction-induced shear stress, τF = τ−τE). Taking MRG-60 at 391 kA/m of magnetic field strength for example, the total shear stress is 7,554 Pa, and the elastic shear stress is 4,672.1 Pa. Thus, the contribution of friction force to shear stress is 2,881.9 Pa (approximately 38.2% to the total shear stress). It implies that the friction contribution plays a significant role in the total shear stress. Furthermore, these discoveries may provide a great method to fabricate high-efficiency MRG from a new aspect, such as increasing the friction coefficient of magnetic particles.


[image: image]

FIGURE 10. The variation of total shear stress (A), storage modulus (B), and elastic shear stress (C) with shear strain under magnetic field sweep. The oscillatory frequency is 0.5 Hz.




Influence of Shear Rate on the Normal Stress Behavior

To investigate the influence of the shear rate on the normal stress behavior of MRG, Figure 11 shows the normal stress of MRG-60 as a function of shear strain under four different shear rates and constant magnetic fields. In the absence of a magnetic field, the normal stress of MRG-60 is almost zero (Figure 11A). The reason for this has been discussed in the former section and for brevity will not be repeated here. The normal stress of MRG-60 decreases dramatically in the first place and then gradually goes into a stable state with the increase of shear strain. It can be seen from Figure 11B that the normal stress of MRG is higher under lower shear rate, which is opposite to the findings of Ju et al. (2013). The experiments were conducted three times, and the results did not change. Theoretically speaking, according to the previous findings in Ju et al. (2013), MRG is a kind of shear thinning material, which means that the apparent viscosity of MRG decreases with the increase of shear rate (Ju et al., 2013). Thus, the magnetic particles need to overcome the stronger restrictions to form chain-like microstructures under lower shear rate, resulting in the growth of normal stress with the increase of shear rate. However, the results shown in Figure 11B do not agree with that theory and its corresponding phenomenon. The results displayed in Figure 11B could be explained with the following hypothesis (Liu et al., 2014; Mao et al., 2020). The macroscopic normal stress behavior of MRG is primarily dependent on the evolution of particle chain microstructure. The excited magnetic field and shear strain are the two main aspects driving the transformation of the interior particle chain structure. The contribution of the magnetic field to the formation of stable long chains or dense network structures is positive, whereas shear strain tends to demolish the long chains or columnar aggregates. For a higher shear rate (i.e., 0.083 s−1), the apparent viscosity is smaller, and thus the resistance to the formation of particle chain is weaker in comparison with the lower shear rate. However, smaller apparent viscosity also means weaker resistance to the shear strain. Thus, the demolishing effect of shear strain on long chains is more considerable under a higher shear rate. Besides, MRG is given less time (i.e., 12 s) to complete the shearing under a shear rate of 0.083 s−1. In this case, the smaller excited magnetic field, i.e., 96 kA/m, could barely drive the transformation of the interior chain structure. Contrarily, for a lower shear rate (i.e., 0.005 s−1), there is enough time (i.e., 200 s) for MRG to thoroughly complete the reconstruction of the long chains or dense network structures after being destroyed by shear deformation. Thus, larger normal stress achieves a smaller shear rate. This implies that the normal stress behavior of MRG under quasi-static loading (i.e., particularly small shear rate) is opposite to that under dynamic loading when the external magnetic field is small.


[image: image]

FIGURE 11. Variation of normal stress with shear strain for MRG-60 under different shear rates and constant magnetic fields: 0 kA/m (A), 96 kA/m (B), 194 kA/m (C), and 293 kA/m (D).


Furthermore, the steady-state value of normal stress decreases with the increase of the shear rate when the magnetic field strength is small (such as 96 kA/m). That is to say, the shear rate is influential on the normal stress behavior of MRG to a certain extent. However, it is worthwhile to mention that the influence of the shear rate on the normal stress behavior gradually becomes insignificant with the growth of the excited magnetic field strength. In other words, differences between the steady-state value of normal stress still exist at 96 kA/m of magnetic field strength while it nearly disappears in 293 kA/m of magnetic field strength (as can be intuitively seen from Figures 11B–D). It is because the magnetic interaction between particles is powerful enough to drive the particle chains to behave stably and robustly when the excited magnetic field strength is large (e.g., 293 kA/m). Although the time for reconstruction of the broken particle chains is less at a higher shear rate, the particle–particle magnetic attractive force is strong enough to complete the rebuilding of chains due to the presence of a higher magnetic field (i.e., 293 kA/m). Also, the effect of the magnetic field on the normal stress is much more considerable than that of shear strain, as discussed in “Influence of Magnetic Field on the Normal Stress Behavior” section. Therefore, the shear rate has little effect on the normal stress of MRG in steady state under high magnetic field strength (as shown in Figure 11D).



Influence of Carbonyl Iron Powder Content on the Normal Stress Behavior

Figures 12A–C present the normal stress of MRG with three different CIP contents as a function of shear strain under constant magnetic fields and shear rate of 0.04 s−1. The normal stress of MRG with various CIP contents is nearly negligible for the lack of an excited magnetic field. The results and reason are similar to those discussed in “Influence of Magnetic Field on the Normal Stress Behavior” and “Influence of Shear Rate on the Normal Stress Behavior” sections and not displayed here for simplicity. The curves presented in Figures 12A–C indicate that the normal stress of MRG exhibits a rapid drop and then a plateau with the increase of shear strain, which is also similar with the changing regularity of normal stress–strain curve displayed in Figure 7. Moreover, a higher CIP content will contribute to larger normal stress under constant magnetic field strength. This is because the more the magnetic particles, the more the long chains, and the more the peak structures acing to push apart the rheometer plate (Yao et al., 2015). Figures 12D–F display the ratio of shear stress to normal stress of MRG with different CIP contents under different magnetic fields. Most notably, the ratio of MRG-60 is higher than that of MRG-40 and MRG-70 at the magnetic field strength of 293 kA/m while lower than that of MRG-70 at the magnetic field strength of 391 kA/m. Precisely speaking, the magnetic attractive force between particles is dependent on the effective magnetic field (Lemaire and Bossis, 1991) (Heff) rather than the applied magnetic field (Happ). The effective magnetic field could be represented as Heff = Happ−4πM. The magnetic magnetization M = χHeff, where χ is magnetic susceptibility. Thus, [image: image], where the permeability μHeff = 1 + 4πχHeff. The permeability grows with the increase of CIP content, resulting in the decrease of magnetic force. However, a larger quantity of chains will generate due to the increase of CIP content, leading to the increase of magnetic force. Thus, there exists a competition between the CIP content and permeability. It implies that the stress behavior and ratio are highly dependent on the CIP content of MRG and the excited magnetic field (Guo et al., 2012). Actually, the research on magnetic powders also concluded similar results (Chen et al., 2013); i.e., the variation of ratio with the CIP content is irregular and unpredictable under a constant magnetic field. From the changing regularity of ratio, one can also conclude that under a constant magnetic field, the rapid increase of ratio means the interior structures of MRG evolve from isotropic state with evenly dispersed particles to anisotropic state with long particle chains or dense network microstructures. Moreover, according to the equation r = γ + μ, the reduction of ratio represents decline of the friction between the iron particles when the magnetic field and shear strain are constant. MRG with a moderate CIP content possibly possesses a regular particle chain microstructure, while that with a large quantity of magnetic particles might form an irregular chain structure that induces the decline of friction (Chen et al., 2013). However, the contribution of friction to shear stress is considerably fundamental. Therefore, except for magnetic field and CIP content, the ratio and normal stress should both be taken into consideration when achieving a high MR effect or high field-on shear stress. Further investigations on the mechanism of this phenomenon are needed.
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FIGURE 12. The normal stress as a function of shear strain for magnetorheological gel (MRG) with different carbonyl iron powder (CIP) contents under different magnetic fields: 194 kA/m (A), 293 kA/m (B), and 391 kA/m (C). The ratio of shear stress to normal stress (τ/Nd) as a function of shear strain for MRG with different CIP contents under different magnetic fields: 194 kA/m (D), 293 kA/m (E), and 391 kA/m (F).




Normal Stress Behavior of Magnetorheological Gel Under Periodically Cyclic Loading Condition


Influence of Shear Strain Amplitude on the Normal Stress Behavior

In this section, MRG-60 was selected as an experimental sample to investigate the normal stress under periodically cyclic loading condition. The shear strain increases linearly from 0 to 100% (or 20%, etc.) and then decreases linearly to 0% under a constant shear rate. Subsequently, the shear strain reversely processes from 0 to −100% and then from −100 to 0%. Figure 13A presents the variation of normal stress with different shear strain amplitudes, and Figures 13B–F present the enlarged view of normal stress–strain curves under various shear strain amplitudes, i.e., 20%, 40%, 60%, 80%, and 100%. Taking normal stress–strain curve under 100% strain amplitude, for example, the black arrows represent the changing process of the magneto-induced normal stress. The normal stress appears as an abrupt increment immediately due to the application of 194 kA/m of magnetic field strength. This results from the magnetic interaction between the particles. After that, the magneto-induced normal stress decreases rapidly due to the negative contribution of tilted particle chains to normal stress. Then, the dynamic balance between the strain-induced rupture and magneto-induced rebuilding of particle chains occurs with the continuous application of shear strain, which results in the minimum value of normal stress (i.e., 8.73 kPa). When the shear strain returns to 0% after it arrives at 100%, the tilted and elongated chains start to constrict, and the gaps between the magnetic particles begin to squeeze to some extent. These effects are coupled together and contribute to the sudden rise of normal stress. Therefore, a peak of normal stress (i.e., 27.01 kPa) emerges. However, the effect of the rebuilding and fracture of particle chains on normal stress is opposite. When the effect of the fracture of particle chains is stronger than that of rebuilding, the normal stress will descend again with the continuous application of shear strain and magnetic field. Thus, the normal stress could be adjusted in a large scale from 8.73 to 27.01 kPa under cyclic loading. In addition, the changing trend of normal stress at the other side will not be discussed here due to the symmetry of normal stress–strain curve.


[image: image]

FIGURE 13. Variation of normal stress with shear strain for MRG-60 under five different shear strain amplitudes (A), i.e., 20% (B), 40% (C), 60% (D), 80% (E), and 100% (F). The black arrows in (F) represent the changing trend of normal stress.


It can be seen from Figures 13B–F that the shapes enclosed by normal stress–strain curves change from a “butterfly-like” shape (Figure 13A) to a “tooth-like” shape (Figures 13C–F). Moreover, the distances between the beginning point and the terminal point increase progressively with the increase of shear strain amplitudes, which can be intuitively seen from the purple dotted lines in Figures 13B–F. In other words, the terminal points of normal stress gradually tend to the steady-state value (i.e., minimum value) with the increase of shear strain amplitudes. For example, the terminal point is 18.79 kPa, and the steady-state value is 9.62 kPa when the shear strain amplitude is 20%. However, the terminal point of normal stress is 8.56 kPa, which is close to the steady-state value (i.e., 8.34 kPa) at the shear strain amplitude of 100%. Another interesting phenomenon is that the “slopes” of normal stress–strain curves at the unloading stage (e.g., shear strain changes from 100 to 0%) become steeper with the increase of shear strain amplitudes, which are shown as yellow arrows in Figures 13B–F. These phenomena indicate that normal stress of MRG changes sharply under higher shear strain amplitudes while gently under lower shear strain amplitudes. The results are significantly beneficial for the design of MR devices because the shear strain amplitude is limited by the structure of the devices.



CONCLUSION

This work focuses on the normal stress behavior of MRG under quasi-statically monotonic loading and periodically cyclic loading. The influence of magnetic field, shear rate, CIP content, and shear strain on the normal stress was systematically analyzed. The normal stress is nearly negligible due to the absence of dense particle aggregates when the excited magnetic field is not applied. In the presence of a magnetic field, the normal stress appears in three various stages—a dramatic increase, then a rapid decrease, and finally a steady-state value—corresponding to the three various microstructures (i.e., stable chains along the direction of external magnetic field firstly, then titled long chains under the application of shear and the eventual dynamic equilibrium between the fraction and rebuilding of chains, respectively). The magnetization model, compared with the power model, could better characterize the normal stress behavior of MRG under magnetic field sweeping. Moreover, the normal stress is higher at a smaller shear rate under quasi-static loading, whereas it behaves in an opposite trend under dynamic loading. It also found that the normal stress of MRG decreases with the increase of the shear rate under smaller magnetic field strength. However, the influence of the shear rate on the normal stress almost disappears under higher magnetic field strength because MRG is a highly magnetic field-dependent material. Besides, the larger the CIP content of MRG, the larger the normal stress. The normal stress of MRG-60 could be adjusted from 8.73 to 27.01 kPa at 194 kA/m of magnetic field strength under periodically cyclic loading. The shear strain amplitudes have a strong effect on the changing regularity of normal stress while a weak effect on the magnitude of normal stress. Furthermore, the ratio of shear stress to normal stress, an analog of friction coefficient, was proposed to understand the rheological effect of MRG from a novel perspective. The results demonstrate that the ratio has a great correlation with the excited magnetic field and CIP content. Larger magnetic field strength usually gives rise to the smaller ratio. To achieve a high MR effect or high field-on shear stress, the ratio and normal stress should both be taken into consideration. This is because the increase of normal stress is beneficial for the increase of friction-induced stress. However, the mechanism on how the CIP content influences the ratio still needs to be investigated.
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