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Owing to some of its specific advantages, magnetorheological fluid (MRF) has drawn significant attention in a broad range of modern precision machining fields. With the diversification and increase in demand, many novel structural configurations and processing methods have been applied to mechanical machining equipment. Although different applications using MRF have been proposed in the existing literature, the classification, latest approaches, and further trend are not understood clearly for the machining field. Therefore, the current applications such as machining auxiliary equipment and surface polishing equipment that used MRF are summarized from 2016 to 2020, in this article. Especially, some detailed structures of equipment are investigated, and relative limitations are analyzed based on the characteristics of MRF. Finally, in view of the current equipment, advantages and defects are briefly reported; the developing trends of modern precision machining with MRF are discussed. Therefore, in the state-of-the-art review, the significant role of MRF in the machining field is emphasized, which paves the way to innovative development and market selection.
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INTRODUCTION

Magnetorheological fluid (MRF) with milliseconds rheological phenomenon and flexible magnetic field controllability has been widely used in the modern precision machining field (Elsaady et al., 2020; Kulandaivel and Kumar, 2020; Nugroho et al., 2020). Based on the transferable and adjustable liquid–colloid state, MRF has unique application advantages in the development of machining auxiliary equipment (Jiang X. H. et al., 2020; Saleh et al., 2020; Lv et al., 2021) and surface polishing equipment (Kumar et al., 2019; Nagdeve et al., 2019; Dubey and Sidpara, 2021; Gupta et al., 2021). Therefore, to improve product technology and reduce cost, the research of new MRF equipment has become an important direction in the field of mechanical machining (Wang and Meng, 2001; Park et al., 2007; Bedi and Singh, 2016; Liu Z. et al., 2020).

For machining auxiliary equipment such as flexible fixture and damping mechanism, the MRF plays a key role in some research results (Wuertz et al., 2010; Ma, 2017; Jiang et al., 2021; Kumar et al., 2021; Yu et al., 2021; Zhou et al., 2021). In machining production or other technical fields, objects with an irregular surface are difficult to grasp and position by using traditional rigid fixtures, and it is easy to cause damage to the product when the surface contact stress is too large. Therefore, the flexible fixture is essential in the production of machining auxiliary equipment. MRF is a liquid flow state under normal conditions. When an external magnetic field is applied, the material appears in colloid state, whose viscosity is adjustable by an electromagnetic system. Thus, the MRF has been applied to the flexible fixture, where the security control of the product is realized by adjusting the surface hardness of the fixture in real time. Furthermore, in the machining field, such as the technologies of turning, grinding, and boring, a workpiece especially with an unstable structure may produce vibration, therefore, it is necessary that the design of damper reduces the vibration (Cheng et al., 2019; Oladapo et al., 2020; Chen et al., 2021). Because the rheological response of MRF is in milliseconds, the MRF damper has sensitive damping control ability and great application potential in machining (Rahman et al., 2017; Rafajowicz et al., 2020).

Moreover, with the requirements of surface polishing quality and the diversity of polishing materials, the application of MRF to improve the performance of polishing equipment has become a recent research hotspot (Wang Y. et al., 2016; Zhong, 2020). The MRF polishing technology uses a kind of flexible MRF film formed by the rheological properties in the magnetic field to polish the workpiece surface (Aggarwal and Singh, 2011; Jain et al., 2012; Liang et al., 2021; Nguyen et al., 2021). Compared with traditional polishing approaches, there is almost no subsurface damage in the MRF polishing technology. In addition, MRF polishing also has some other advantages, such as recycled MRF, updated abrasive in real time, few tool wear, stable removal function, and controlled hardness of MRF micro-grinding head. Thus, based on the above-mentioned advantages, MRF polishing technology plays an irreplaceable role in special structural surfaces and application requirements.

Having thus described the basic concepts and categorization, some typical machining auxiliary equipment and surface polishing equipment with MRF are investigated from 2016 to 2020. In this work, approximately 70 academic articles have been summarized from the 5 years, which report the application methods, operation modes, and structural configurations of machining equipment with MRF. Considering the above classification, the proportions of different research directions are shown in Figure 1. Moreover, some drawbacks of the machining equipment with MRF are also analyzed. For a better understanding of the MRF application, advantages, conclusions, and development tendency of the MRF machining equipment used in modern precision machining field are summarized.
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FIGURE 1. Classification of MRF in modern precision machining according to the referred literature.




MACHINING AUXILIARY EQUIPMENT


Magnetorheological Fluid Flexible Fixtures in Machine Tool

Due to the increasingly complex shape of parts in the modern manufacturing industry, mechanical processing is also developed toward diversification and individuation. MRF flexible fixtures with the characteristic of adjustable hardness have been used for clamping brittle and complex parts, which is an important field in modern precision machining (Kong et al., 2011).

In 2016 and 2017, an MRF flexible fixture was designed to suppress vibration in the machining process for the aerospace industry (see Figure 2). To suppress the vibration effect during processing, natural frequency and mode shape function of the thin-walled workpiece are deduced, and a dynamic equation of the workpiece–fixture system considering the external damping factor is proposed (Ma et al., 2016). In addition, a new dynamic analytical model is proposed to determine the effect of the damping factor on the dynamic response of thin-walled workpiece in machining (Ma et al., 2017). In the device, the workpiece is placed in the MRF, whose viscosity is adjusted by the magnetic field of the coil. So, the workpiece is fixed by pushing two sliding blocks symmetrically and processed through a rotary cutter. The device reflects the advantages of the MRF flexible fixture, but there is still displacement error, which reduces the processing accuracy. In 2018, there are no outstanding results of the MRF flexible fixture. Then, an MRF flexible fixture was devised to study its performance as a support for thin-walled parts in 2019, shown in Figure 3 (Wu, 2019; Liu H. et al., 2020). In the device, a magnetic yoke is added on one side of the electromagnetic coil to optimize the magnetic circuit and improve the rheological properties of the MRF. The effectiveness of the device is verified by inhibition tests. However, the improved magnetic field reduces the working space of MRF and limits the application of workpieces with large volumes.
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FIGURE 2. The schematic diagram of flexible fixture system (Ma et al., 2016).
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FIGURE 3. The schematic diagram of a flexible fixture model (Liu H. et al., 2020).


In 2020, a clamping method with a MRF fixture was proposed, and a theoretical model of shear stress was derived to find out the coupling relationship between magnetic field intensity, thickness, and position of a workpiece (Jiang X. et al., 2020). The method can decrease cutting force and improve the accuracy of thin-walled parts by carrying out milling experiments. Moreover, to investigate the effects of vibration on thin-walled workpiece in machining, Jiang X. H. et al. (2020) established a dynamic model based on the Rayleigh damping matrix and the equivalent force principle and proposed an auxiliary support method with MRF. In this method, based on traditional MRF fixture structure, magnetic field distribution is optimized, and the damping force of the workpiece is deduced. The optimum parameters of the MRF fixture such as the MRF volume, location, and magnetic field intensity are determined to suppress the tool vibration.



Magnetorheological Fluid Damper in Machine Tool

With the development of modern machining technology toward high precision and productivity, tool vibration not only damages the machining surface and shortens the life of the tool but also increases the load power of lathe (Jung et al., 2020; Yan et al., 2020). Tool vibration not only damages the machining surface and shortens the life of the tool but also increases the load power of lathe. Thus, various methods are used to reduce the tool vibration, and MRF dampers have been proven to be effective in suppressing vibration and improving performance (Tang et al., 2016; Girinath et al., 2018).

In 2017, to obtain high precision and surface quality, a MRF damper was developed to reduce tool vibration (Paul et al., 2017). The behavior of the tool holder with the MRF damper was investigated, where a vibration model was established to analyze the amplitudes of tool vibration and chip thickness. From their experiment, it was proved that the damping capability of the turning tool and the efficiency of turning operation could be improved considerably. Similarly, a MRF damper was designed to monitor and control the performance of cutting tool for turning operation (Kishore et al., 2018), and a second mode of vibration using finite element software was used to obtain dynamic stability of the cutting tool holder. In this device, transmissibility and half power bandwidth approaches were used to address the dynamic fluctuation of the cutting force. So, the MRF damper could better control the noise and frequency responsible for unstable machining and improve the processing technology in terms of better surface finish on workpieces. Due to the high slenderness ratio of the boring bar, boring operation is highly prone to machining instability. A special boring bar is designed with a rod mounted as an inverse cantilever (Biju and Shunmugam, 2019). As shown in Figure 4, vibration of the rod is adjusted by the viscosity of MRF. Experimental results show that it can reduce the amplitude of vibration, surface roughness, and roundness error. For the same purpose, a novel MRF hydrostatic guideway system was designed to control the machining vibration as shown in Figure 5 (Liu and Hu, 2019). In addition, a computational fluid dynamics model is presented to study the performance parameters of MR hydrostatic guideway system. In this system, some working variables such as magnetic flux density, initial pressure, and load, have been analyzed, and performances such as flow rate, frictional force, and damping of the system have been optimized.


[image: image]

FIGURE 4. Schematic diagram of boring bar construction (Biju and Shunmugam, 2019).
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FIGURE 5. Scheme of MRF hydrostatic guideway system (Liu and Hu, 2019).


In 2020, a semi-active MRF damper was designed to suppress chatter conditions for the productions of thin-floor components. In the device, enhance multistage homotopy perturbation method and novel cutting force model were used to increase productivity with high surface quality (Puma-Araujo et al., 2020). Furthermore, an MRF damper is proposed to increase the stability of the boring process (Saleh et al., 2021). Besides that, modal analysis is conducted on the boring bar with and without the MR damper to obtain the frequency response functions. As shown in Figure 6, the MRF with minimal volume and electromagnetic circuit were placed on the outer part of the boring bar, which makes it easy for installation and adjustability of the bar. The damper has effectively damped the vibrations of the test materials at different modes while using two different boring bars.
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FIGURE 6. Computer aided design (CAD) model of the boring bar MRF damper with its components (Saleh et al., 2021).




SURFACE POLISHING EQUIPMENT

Compared with the traditional polishing technology, MRF polishing with super-high precision has been applied to the plane and complex surfaces of the parts (Mutalib et al., 2019). As shown in Figure 7, the MRF as a polishing fluid attaches to the surface of the polishing wheel under the action of magnetic field, forming a kind of solid state of ribbon on the contact surface of the polishing wheel and workpiece. Thus, through the shear force in the process of removal of surface material, polishing machining of the workpiece is achieved. After removing the magnetic field in the processing area, MRF returns to liquid state with good fluidity and can be processed by recycling (Golini et al., 1999). The material removal effect conforms to the commonly accepted Preston equation in the field of optical machining, which is described as follows:
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FIGURE 7. Schematic diagram of magnetorheological polishing equipment (Golini et al., 1999).


where MRR is the amount of material removed from the workpiece surface; K is Preston coefficient, and related to MRF composition, polishing zone temperature, and workpiece material; P represents the pressure of MRF on workpieces; V is the relative speed of the polishing wheel and the workpiece surface in the polishing region; and t is the polishing time.

It can be understood from Equation (1) that in addition to the composition of MRF, the material removal effect is mainly affected by pressure, relative velocity, and polishing residence time. Therefore, to improve the polishing performance of MRF with super-high precision, the influencing parameters of MRF polishing can be optimized from the following three aspects: optimization of MRF to suit different processing materials; research on influence rule of different processing techniques on the shape of the removed material; and control system design of precision magnetorheological polishing.

In 2016, a precision MRF process using a small ball-end permanent-magnet polishing head with a diameter of 4 mm was proposed, where a peristaltic pump was applied to transport the MRF to the workpiece processing area, and MRF from the liquid tank was recycled (Chen et al., 2016). This transmission mode not only avoids the pollution of traditional gear pump but also helps to keep the composition of MRF stable. To suppress the directional surface texture on the workpiece, a dual-rotation MRF finishing (DRMRF) was developed based on the surface texture model for DRMRF and quantitative method of mathematical statistics (Wang Y. Y. et al., 2016). As shown in Figure 8, there are two velocities of the wheel that are perpendicular to each other for high surface quality. Similarly, MRF polishing of ultra-smooth surface based on linear air gap permanent yoke excitation is proposed for large polishing mode, shown in Figure 9 (Wang, 2016). In the device, the particle chain in the MRF is parallel to the surface of the workpiece, which is beneficial to uniform shear force and large effective control area. Moreover, the mathematical model to assess the quantity of material removed was established, and performance parameters such as flatness and material removal rate were analyzed by the model. In addition, a magnetic field–assisted polishing technique was developed for finishing three-dimensional (3D) structured surface with MRF (Wang Y. L. et al., 2016), as shown in Figure 10. In the device, the MRF was specifically modified by blending carbonyl-iron (CI) particles, abrasive grains, and α-cellulose into a magnetic fluid.
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FIGURE 8. The circulatory subsystem of DRMRF tool (Wang Y. Y. et al., 2016).
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FIGURE 9. Schematic diagram of magnetorheological plane polishing (Wang Y. et al., 2016).
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FIGURE 10. The magnetic compound (MC) slurry polishing principle (Wang Y. L. et al., 2016).


In 2017, a tool that has the same curvature as a cylindrical surface was developed, which makes the MRF evenly distributed on the surface of the cylinder, and the strength of the CI particles chain is uniformly maintained over the flat tool tip surface (Singh et al., 2016). Because the tool needs to match the machined surface, this method is not suitable for machining complex curved surfaces. Then, a ball-end MR finishing was proposed for complex curved surfaces (Maan et al., 2017), and whose abrasive wear mechanism was also studied by Alam and Jha (2017). In terms of freeform surfaces, a MRF polishing tool was proposed, where a permanent magnet was used to control the rheological properties of the MRF (Barman and Das, 2017). The dimensions of the tool were optimized with finite element software for a smooth grinding process with low energy consumption. Furthermore, a solid core rotating tool with MRF was developed for finishing of hardened AISI 52100 steel (Maan and Singh, 2018). In this device, response surface methodology was used for the parametric analysis of MRF nanofinishing process, and thus surface cracks generated by the traditional finishing process are eliminated. As the surface morphology of bio-titanium alloy has a great influence on its application, Barman and Das (2018) studied the characteristics of titanium alloy polished by two types of MRFs. From the results, the surface performance obtained from the MRF containing HF and HNO3 is better suited for the semi-permanent type of implants or implants which partake in relative motion, while MRF containing H2O2 is better suited for permanent implants. In addition, as the material removal rate achieved with MRF polishing is relatively low, the concepts of gap slope and virtual ribbon were used to develop a model of removal profiles in Belt-MRF, and the factors in the MRF polishing process were analyzed. From the results, the magnetic field, the composition of the CI powder, and the polishing depth have the greatest effect on material removal rate (MRR) (Wang et al., 2017; Kim et al., 2018).

In 2019, to eliminate the labor-intensive efforts and the subjective errors, a five-axis CNC ball-end MR finishing process in a fully automated manner was developed to the 3D surfaces of the workpiece (Alam et al., 2019). In this device, a customized controller was proposed, which enables the precise and sequential control of motion as well as process parameters. Furthermore, a material removal rate model of MRF finishing with dynamic magnetic fields is proposed to analyze various technological parameters such as rotational speeds of workpieces, magnetic poles, polishing disk, and machining gap (Pan et al., 2019). As shown in Figure 11, dynamic magnetic field is arranged in the device. In this model, the theoretical simulation results favorably agree with the experimental results. Similarly, some process parameters have been optimized using response surface methodology (Chana and Singh, 2019). By using the optimized parameters, the surface finish was reduced to 70 nm from 480 nm in 23 h, and power consumption was reduced by 25%. For finishing of small holes, an MRF finishing set-up was designed, where higher values of supply current, fluid flow rate, and finishing time with flat-pole geometry have generated optimal machining performance characteristics (Kataria and Mangal, 2019). In addition, due to the disadvantage of wheel-type MRF finishing single-point processing, multiple polishing heads with MRF are proposed, where multiple magnets are used to form a specific magnetic field and a plurality of flexible polishing heads are formed on the surface of the heads to process the surface of the workpiece (Bin, 2019).
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FIGURE 11. MRF finishing with dynamic magnetic fields (Bin, 2019).


Recently, Yadav et al. (2020) found that the traditional and advanced gear teeth profile finishing processes without the control over the finishing forces produce different types of defects such as micro-pitting, abrasive wear, and scuffing. So, a process called MRF gear profile finishing was proposed (Yadav et al., 2020), where the parametric study for finishing of the EN24 hardened steel spur gear teeth profile was successfully demonstrated with the technology, and the functional life of gears has been significantly improved. A magnetic field–assisted finishing tool for titanium workpiece has been developed, which consists of a cylindrical permanent magnet and a magnet fixing device (Barman and Das, 2019). There are parallel and helical tool paths in the magnetic field–assisted finishing (MFAF) process, and the lowest surface roughness produced by parallel tool paths has better surface texture than helical tool paths. The reason is that the surface topography and surface texture show reduced surface roughness and scratches when the surface is finished using parallel tool paths. To enhance the surface of the tapered cylindrical workpiece, an MRF finishing process is developed with magnetic rheological polishing (Singh and Singh, 2021). In the device, some parameters such as the variation in linear velocity, helix angle, and the helical path are analyzed to perform uniform finishing on the variable surface. Moreover, a new method with MRF for polishing flat borosilicate glass surfaces has been developed (Zhang et al., 2020). For this method, a reciprocating polishing tester is designed, which uniformly supplies the MRF to produce a flat surface on the workpiece. This greatly reduces the number of peaks and pits on the surface of borosilicate glass and gives a good polishing effect. The finishing forces during the MRF polishing process are analyzed and modeled, where the final surface roughness model has been proposed to predict the polishing performance. The results show a gradual growth of surface precision with polishing time and an augment of polishing efficiency with increasing initial surface roughness (Peng et al., 2020). Moreover, a theoretical model was developed to predict the reduction in the surface asperities during the magnetorheological finishing of the external cylindrical surfaces. The percentage error is from 4.76 to 3.06%, which shows good agreement between the theoretical model and the experimental results (Singh and Singh, 2020). A novel MRF polishing process is developed to use in the internal surface of titanium alloy tubes (Song et al., 2020). In this process, rotation motion of tube and reciprocating linear motion of polishing head are carried out simultaneously resulting in helical motion trajectory of abrasive particles on the workpiece surface, as shown in Figure 12. Because of the extremely lower hardness of copper, wheel-based MRF finishing process has been developed to attain Nano-level surface roughness (Ghosh et al., 2021). In the process, the main controlling parameters, such as the wheel speed, working gap, and feed rate are analyzed, where the MRF with a higher working gap, lower wheel speed, and feed rate can realize Nano-level surface roughness.
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FIGURE 12. Schematic diagram of novel polishing principle (Ghosh et al., 2021).


The techniques and application of MRF surface polishing equipment, developed during 2016–2020, are summarized in Table 1. As can be seen from the table, MRF surface polishing can be applied to the workpiece with various complex surfaces of both metal and non-metallic materials.


TABLE 1. The techniques and application of MRF surface polishing equipment in 2016–2020.

[image: Table 1]MRF polishing process becomes one of the most promising green and intelligent precision machining methods in the future. There is a trend toward the development of the MRF polishing process with super-high precision research from miniaturization (below millimeter) with complex shape workpiece to large scale (several meters) with ultra-smooth flat surface. To obtain precision control, MR polishing equipment is being developed to achieve intelligent control.



CONCLUSION

In this work, studies on the main applications of MRF in modern precision machining field from 2016 to 2020 are reviewed, which include machining auxiliary equipment and surface polishing equipment. Furthermore, machining auxiliary equipment is divided into MRF flexible fixture and MRF damper in the machine tool. Through the above literature, it is understood that several MRF precision machining technologies focused on the composition of MRF, the arrangement of space magnetic field, and the structural configuration of the equipment.

Because the solid–liquid state of MRF is controlled by the external magnetic field, the MRF flexible fixture can clamp the parts with complex shape, which is convenient for processing. However, the research work on MRF flexible fixture, which is mainly used for processing small parts, is still in the laboratory stage. For larger objects such as the aviation and marine parts, the required MRF flexible fixture will be large, which is not easy to achieve in terms of technology and cost. In addition, with the increasingly complex shapes of the modern machining parts, the MRF flexible fixture has a good development prospect, but the working stability of this fixture needs to be further improved.

The application of MRF damper to suppress tool vibration is a new research field in recent years. Compared with the traditional damper, the MRF damper can better suppress the vibration of the machine tool, prolong the life of the tool, and improve the performance of the machine tool. However, the research methods are relatively simple at present, which mainly include the improvement of semi-active controller, the optimization of magnetic circuit design, and the stability of MRF performance. Due to the complex and variable vibrations in machine tool machining processes, there are few research studies on damper control algorithms. Therefore, it is urgent to improve the control effect of the machine tool and reduce adverse vibrations in the existing structural equipment.

In terms of surface polishing equipment, MRF with conversion in milliseconds forms solid state on the parts that need to be processed and turns into liquid state while taking away the debris, which ensures the accuracy of processing and improves the efficiency of processing. The MRF polishing processing has irreplaceable advantages compared with traditional polishing and has been widely used in precision and ultra-precision machining. But, the current MRF polishing equipment also needs to strengthen the magnetic rheological polishing research on the non-spherical surfaces, broaden processing adaptability, improve the machining efficiency, and reduce the processing cost.

As a new type of intelligent material, MRF has excellent performance in the field of modern precision machining. It may be further developed in the following three aspects in the future. The stability and heat dissipation of MRF are the bottlenecks, limiting its application at present, and the problem of accurate control of MRF has not been solved. With the deepening of research on MRF, the performance of MRF could be further improved. Furthermore, MRF can cooperate with various magnetic materials and magnetic structures rather than the electromagnetic field and permanent magnet, to achieve specific functions and reduce electrical energy consumption and equipment costs. Finally, the research in the field of MRF machining is still in the laboratory stage, which is mainly customized by users and has not yet achieved universality. With the in-depth study of the processing technology and system control strategy by scholars, different MRF machining equipment will be widely used.
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