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Abstract

:

Magnetorheological fluids (MRFs) are composites of micron-sized and/or nano-sized Fe particles and nonmagnetic oils, and their rheological properties change with changes in the magnetic field. To distinguish between material and mechanical deterioration, we developed a durability test system without the influence of mechanical sealing and bearing on the MRFs. We used a set of rotors and stators to create a V-shaped MRF layer. However, the test device produces a constant magnetic field with a permanent magnet instead of an electromagnetic coil to make a compact design and cannot be tested under various dynamic magnetic inputs. Therefore, we developed a durability test system with an electric magnet to create a variable magnetic input and two sets of rotors, and compared their magnetic properties and the results of the durability tests. From the findings, the measured torque for the parallel plate case was lower than the predicted value. In contrast, the V-shaped disk exhibits a higher torque than the estimated values. Durability tests for the two types of MRFs were conducted. The torque variation for the nano MRF is significantly smaller for both the parallel and V-shaped plates. In addition, the duration of both MRFs for the V-shaped plate was much shorter than that for the parallel plate.
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1. Introduction


Magnetorheological fluids (MRFs) are composites containing micron-sized and/or nano-sized Fe particles and nonmagnetic oils [1,2,3]. The rheological properties of MRFs change rapidly (less than 1 ms in time constant) with a changing magnetic field [4,5]. When a magnetic field is applied from outside the fluids, the fluids generate mechanical resistance because their Fe particles arrange themselves along the lines of magnetic fluxes. Furthermore, this resistance can be controlled by repeatedly changing the magnetic flux density [1]. As a result, MRFs are used in several engineering applications, for example, semi-active dampers [1,6,7], torque-controllable brakes and clutches [8,9,10,11,12], haptic devices [13,14,15,16,17,18], and functional polishing/finishing [19,20].



The mechanical properties, such as magnetic field vs. yield stress (MR effect) at low to high shear rate [21,22,23,24,25,26,27], response time of the MR effect [16,28,29], sedimentation stability of particles [30,31,32], and mechanical durability under constant or variable magnetic inputs [33,34,35,36,37,38], have been investigated for the effective design of the above application. Mechanical durability is an important feature of practical mechanical applications. Previous studies tested the durability of clutches and brakes using MRFs. Gabriel et al. [33] investigated this using lifetime dissipated energy (LDE) [34,35] and found the LDE to be 5 MJ/mL. Wiehe et al. [36] developed a large-scale test bench for commercially available MRF. The LDE was found to be more than 6 MJ/mL. However, these experiments used mechanical seals and bearings, and it was difficult to determine the major point responsible for degradation. To distinguish material deterioration from mechanical deterioration, we developed a durability test system without the influence of mechanical sealing and bearing on MRFs [39]. In this testing machine, we used a set of rotors and stators to create a V-shaped MRF layer to reduce the unexpected distribution of MRF particles. However, the test device produces a constant magnetic field with a permanent magnet instead of an electromagnetic coil to make a compact design and cannot be tested under various dynamic magnetic inputs. In addition, the effect of V-shaped layers has not been sufficiently investigated.



Therefore, in this study, we developed a durability test system with an electric magnet to create a variable magnetic input and two sets of rotors: flat parallel plates and a V-shaped rotor and stator, and compared their magnetic properties and the results of the long-term torque measurements for two different types of MRFs. To evaluate the variation in torque during long-term measurements, torque profiles were measured with the two different rotors. The V-shaped rotor is the main contribution in this article. However, to evaluate its effect, we needed to compare it to the parallel plate as a standard tool. The differences and similarities between these rotor geometries are discussed for the MRFs with different sized Fe particles.




2. Design of Durability Test Device


2.1. Basic Structure


A basic structure with a rotor system and a torque sensor was developed for the durability test device (Figure 1). A test cell comprising a set of rotors and stators with an electric magnet is designed and discussed in the following sections. The base structure comprises a brushless AC servomotor (BLM5120-10B, Oriental Motor, Tokyo, Japan), a torque sensor (UTMII-5 Nm, UNIPULSE, Tokyo, Japan), and connecting couplers. The end of the rotational shaft is connected to the rotor inside the test cell. The specifications of the durability testing machine are listed in Table 1. The servomotor rotates the rotor inside the test cell at a preset constant speed up to 300 rpm. Torque generated at the MRF layer was measured with the slip-ring-less torque sensor connected between the motor and rotor with couplings to accurately measure the torque variation. In addition, the friction torque of the bearing is subtracted from the measured torque by the sensor.




2.2. Rotor and Stator


We designed two sets of rotors and stators as measurement tools for the durability test machine. The first was a set of flat discs (parallel plate setting in Figure 2). This geometry is used in rheometers. Structural steel (SS400) was used in the main part of the rotor, including the shaft, such that the magnetic flux could easily pass through. A ring of nonmagnetic material (SUS316) was attached on the side surface of the rotor to prevent jumping of the magnetic particles in the MRF sample. The middle part of the stator was made of structural steel to achieve a strong magnetic flux density. Conversely, the cup was made of stainless steel to prevent littering due to centrifugal force.



The other was a set of V-shaped plates (V-shaped plate setting in Figure 3). The basic concept of this geometry was reported in [37]. This geometry has an iron-made (SS400) ring with a V-shaped convexity in the rotor and an iron-made (SS400) ring with a V-shaped concavity in the stator. The rotational shaft of the rotor and other parts are made of a nonmagnetic material (SUS316). The iron-made rings were located along the path of the magnetic flux to converge it on the MRF layers. The angle of the V-shape is 90°.



In both cases, the MR fluid was sandwiched between the rotor and stator. The sample volume (volume of the MRF layer) was designed in the optimal calculation of the equipment design to shorten the experiment time for long-term durability tests. In the case of a parallel plate rotor, the MR fluid layer was formed over the entire range of the rotor, whereas in the case of a V-shaped rotor, the MR fluid layer was formed only in the V-shaped groove. This aids in the concentration of magnetic fields and prevents the segregation of magnetic particles.




2.3. Design of Test Cell


Figure 4 and Figure 5 show the cross sections of a parallel plate and a V-shaped rotor combined with an electromagnet, respectively. The external dimensions of the electromagnets and parameters of the coils (Table 2) were the same for both sets. In both cases, a 1 mm air gap was provided at the top of the rotor to allow measurement of the magnetic field using a Hall sensor.



Magnetostatic analysis was conducted on both setups to design the electromagnets. The finite element analysis software ANSYS 2020R2 (ANSYS Inc., Canonsburg, PA, USA) was used for the analysis. Material nonlinearity was considered with the B-H curves of the core material (SS400) and MRF with 22 vol% of micron-sized Fe particles. Figure 6 shows the B-H curves. Figure 7 and Figure 8 show the magnetic flux density and direction for the parallel plate setting, and Figure 9 and Figure 10 show the magnetic flux density and direction for the V-shaped rotor at a coil current of 1 A. In the case of a parallel plate, there is leakage of magnetic flux to the shaft because the shaft is also a ferromagnetic material. However, because the shaft cross section is small, the magnetic flux saturates, and a magnetic flux density of approximately 1 T can be applied to the periphery of the plate where the MR fluid layer is located. For the V-shaped plate, a concentrated magnetic path was formed in the MR fluid layer.



Figure 11 shows the relationship between the coil current and the average flux density in the MR fluid layer (simulated only) and in the air gap (simulated and measured). The difference between the simulation and the measurement in the air gap is 7.8% at 1.5 A and 3.3% at 1.0 A, the beginning of the saturation, for the parallel plate setting; for the V-shaped rotor, the error is 2.7% at 1.5 A and 4.0% at 1.0 A. Although the magnetic flux density cannot be measured directly in the MR fluid layer, its error from the simulation results is several percentages at 1.0 A.



Comparing the magnetic flux flow in the two rotors, the magnetic flux density in the air gap was smaller than that in the MR fluid layer owing to the flux leakage in the parallel plate structure. In contrast, in the V-shaped rotor, the magnetic flux density in the MR fluid layer is smaller than that in the air gap because the cross-sectional area of the MR fluid layer formed by the V-groove is larger than that of the parallel surfaces of the air gap. However, the magnetic flux leakage was small, and a magnetic flux density of approximately 1 T could be achieved for a current of 1 A.





3. Validation of Durability Test Device


3.1. Method


To verify the performance of the developed device, measurements of the torque characteristics when a magnetic field was applied to a sample MR fluid were conducted. Table 3 lists the properties of the standard materials. The fluid gap was set to 1 mm, as described in Section 2. The fluid volume was 1.66 mL for the parallel plate setting and 0.59 mL for the V-shaped plate setting. The measured torque was converted to a value per unit volume for normalization.



Figure 12 shows the MR properties of the sample material (horizontal axis: applied flux density; vertical axis: yield shear stress). Measurements were conducted using a rheometer (HAAKE RheoStress 6000, Thermo Fisher Scientific, Waltham, MA, USA) at a shear rate of 100 s−1 and a measurement temperature of 25 °C. The rotor was a parallel plate with a diameter of 20 mm.



The plots in Figure 11 show the shear stress measured by the rheometer, which increased rapidly up to a flux density of 0.7 T and decreased slightly after 0.7 T. Therefore, this property was divided into pre-saturation and saturation, and each was modeled (solid lines in Figure 11). In the pre-saturation region, the shear stress  τ  (kPa) is approximated by a third-order polynomial function of the magnetic flux density B (T) using the least squares method, as shown in the first equation of Equation (1). After saturation, the line was approximated using the second equation of Equation (1) as a straight line, continuous with the pre-saturation curve.


  τ =       − 93.23 ×  B 3  + 107.8 ×  B 2  + 21.93 × B + 0.008242 ,     B < 0.7       − 2.880 × B + 38.22 ,     B ≥ 0.7        



(1)








3.2. Result


The measurement results for both plates are shown in Figure 13. The horizontal axis shows the coil current, and the vertical axis shows the resistive torque owing to the MR fluid. The circles represent the simulation results and the triangles represent the measured values.



For the parallel plate, the simulation torque, T, was estimated using Equation (2), where the inner and outer radii of the MRF layer are    r  o u t     (= 23 mm) and    r  i n     (=6 mm), respectively. Because the magnetic flux density only varied approximately 0.1% within this range, τ was also considered constant in the radius.


  T =   ∫    r  i n      r  o u t     2 π τ  r 2  d r  



(2)







However, for the V-shaped rotor, the integrating area of the MRF layer was turned back, as shown in Figure 14, and the estimated torque was calculated using Equation (3), where b is the limit of the integrating area on the x-axis x as shown in Equation (4), and A, estimated as 0.5, is the contribution ratio of the edge effect.


  T =   ∫   − b  b  2 π τ        r  o u t   +  r  i n    2  + x s i n α    2  d x  



(3)






  b =    r  o u t   −  r  i n     2 s i n α   − A h c o s α  



(4)








3.3. Discussion


Comparing the torque per unit volume, the parallel plate has a torque of approximately 0.5 Nm/mL when 1 A is applied, while the V-shaped rotor has a torque of approximately 1.0 Nm/mL. This is because the test sample existed only near the outer circumference of the disk, and the magnetic flux was applied in a concentrated manner for the V-shaped rotor. This allows for efficient and uniform testing when the device is used as the testing machine.



For the parallel plate case, the measured torque is lower than the predicted value, especially at approximately 0.5 A. In contrast, the V-shaped disk exhibits a larger torque than the estimated value at approximately 0.5 A. The fluid characteristics in Figure 11 are based on a standard rheometer with a parallel plate rotor and do not consider the characteristics of the V-shaped disk. This phenomenon cannot be explained by macroscopic characteristics and is thought to be caused by unique phenomena, such as the particle arrangement when a V-shaped disk is used. This should be verified in future studies.





4. Long-Term Measurement


4.1. Method


The objective was to perform long-term measurements of MRFs using the developed durability test apparatus and to compare the results. Two types of MRFs, as shown in Table 4, were used in the experiment; the micron MRFs were identical to the standard materials shown in Table 3. These two materials were synthesized primarily to evaluate the effects of particle size differences. For the parallel plate setting, the coil current was set to 0.250 A for the micron MRF (374 mT) and 0.350 A for the nano MRF (500 mT). The V-shaped rotor was set to 0.224 A for the micron MRF (367 mT) and 0.304 A for the nano MRF (500 mT). These values were determined to generate approximately the same torque for each rotor setting. The rotation speed was 200 rpm for all the conditions. All experiments were conducted under a room temperature (20 °C) with thermal control. Though the local temperature in the MRF layer was not directly measured, temperature elevation was not determined outside the test cell.




4.2. Result


The experimental results are shown in Figure 15. The horizontal and vertical axes show the LDE in MJ/mL and the measured torque per unit volume, respectively. The LDE was calculated from the integration of the multiplication of the measured torque, rotational velocity, and sampling time of the measurement. The LDE results for the V-shaped rotor were relatively short. The values for micron-scale MRF were also relatively short. In addition, the variations in the torque were relatively large for the micron MRF.




4.3. Discussion


As shown in the Figure 15, the torque of the micron MRF for the parallel plate setting significantly varied during the whole range of the test, and suddenly dropped at around 6 MJ/mL. On the other hand, the torque of the nano MRF for the parallel plate setting shows a variation until around 1 MJ/mL, and is significantly stable after that. This trend is similar for the V-shaped plate setting. However, there are some differences. The torque variation for the nano MRF is slightly smaller than that for the parallel plate. In addition, the LDEs are significantly shorter than those for the parallel plate for both materials.



To evaluate the variation in torque, the average and standard deviation of the torque from 1 MJ/mL to 2 MJ/mL are summarized in Table 5. The variation in the nano MRF is significantly smaller for both the parallel and V-shaped plates.



As mentioned in the introduction, Gabriel et al. [33] investigated the mechanical durability of MRF and found the LDE to be 5 MJ/mL. The result by Wiehe et al. [34] was 6 MJ/mL. The result of the micron MRF for the parallel plate setting was the same as that of the conventional values. However, the result of the nano MRF for the parallel plate is at least double the duration of the micron MRF. The duration of the nano MRF was significantly longer than that of the conventional MRF.



The duration of both MRFs for the V-shaped plate was much shorter than that for the parallel plate. The reason for the long durability of the parallel plate rotor may spring from the unexpected particle migration from the center area of the disk (Figure 16a); with the V-shaped rotor, the test particles do not migrate from the periphery (Figure 16b), and, thus, the aging of the fluid can be fairly evaluated. In addition, the V-shaped rotor exhibited relatively higher shear stress than the parallel plate rotor, and we believe that there was a difference in the cluster structure of the particles. The area near the apex of the V-shaped rotor is a geometrical region that does not exist in the parallel plate, and it is predicted that a peculiar particle structure is formed. In this analysis, only a macroscopic viewpoint was observed. Further microscopic observations will be necessary in the future.





5. Conclusions


In this study, we developed durability test equipment for MRFs with two sets of rotors and stators to evaluate the effect of the V-shaped MRF layer. Magnetostatic analyses were performed to design an electric magnet as a test cell for the durability test device. Validation tests of the developed durability machine were conducted for an MRF with micron-sized Fe particles. According to the magnetic measurement and torque tests, for the parallel plate case, the measured torque is lower than the predicted value, especially at approximately 0.5 A. In contrast, the V-shaped disk exhibited a larger torque than estimated at approximately 0.5 A. Durability tests for two types of the MRF (the nano MRF and micron MRF) with two types of the rotor were conducted. The torque variation for the nano MRF is significantly smaller for both the parallel and V-shaped plates. In addition, the duration of both MRFs for the V-shaped plate was much shorter than that for the parallel plate. Particle migration is one possible reason for these differences. Therefore, the V-shaped rotor has the potential to evaluate the durability of MRFs fairly. In addition, the V-shaped rotor exhibited relatively higher shear stress than that of the parallel plate rotor. Further microscopic observations will be necessary in the future.
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Figure 1. Basic structure of the durability testing machine. 
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Figure 2. Rotor and stator for the parallel plate setting. (a) Rotor, (b) stator. line A and B are the view points of the cross-sections. 
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Figure 3. Rotor and stator for the V-shaped plate setting. (a) Rotor, (b) stator. line C and D are the view points of the cross-sections. 
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Figure 4. Test cell for parallel plate setting. Circle E is the closeup part. 
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Figure 5. Test cell for V-shaped plate setting. Circle F is the closeup part. 
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Figure 6. B-H curves of each material. (a) SS400 (b) MRF (22 vol% of micron-sized Fe particles). 
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Figure 7. Distribution of magnetic field in the parallel plate setting (full view). (a) Contour, (b) vector. 
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Figure 8. Distribution of magnetic field in the parallel plate setting (fluid gap). (a) Contour, (b) vector. 
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Figure 9. Distribution of magnetic field in the V-shaped plate setting (full view). (a) Contour, (b) vector. 
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[image: Actuators 11 00142 g009]







[image: Actuators 11 00142 g010 550] 





Figure 10. Distribution of magnetic field in the V-shaped plate setting (fluid gap). (a) Contour, (b) vector. 
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Figure 11. Analytic results on current vs. magnetic field. (a) Parallel plate, (b) V-shaped plate. 
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Figure 12. Flow characteristics of the sample material. 
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Figure 13. Torque estimation and measurement for the sample 1 (Micron MRF). (a) Parallel plate, (b) V-shaped plate. 
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Figure 14. Definition of integration area for V-shaped plate. (a) Parameters, (b) integration area after turnback. 
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Figure 15. Torque profile in the long-term measurement. (a) Parallel plate, (b) V-shaped plate. 
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Figure 16. Difference between the parallel plate setting and V-shaped plate setting. (a) Parallel plate, (b) V-shaped plate. 
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Table 1. Specifications of the durability testing machine.






Table 1. Specifications of the durability testing machine.





	Torque Sensor
	UNIPULSE, UTMII (5 Nm)





	Brushless Motor
	Oriental motor,

BLM5120-10B (120 W, 4 Nm, 1/10 geared)



	Rated rotation speed
	300 rpm



	Allowable torque
	3.4 Nm (3000 rpm)



	Total size (B × W × H)
	180 mm × 300 mm × 575 mm



	Maximum current
	6.8 A
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Table 2. Common parameters for magnetic coil.






Table 2. Common parameters for magnetic coil.





	Turning Number
	2300 Turn





	Wire diameter
	1 mm



	Maximum current
	3.9 A



	Core material
	Structural steel
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Table 3. Properties of the standard material.






Table 3. Properties of the standard material.





	Diameter of Fe Particles
	6–7 μm





	Solvent
	hydrocarbon oil + dispersant



	Relative density
	2.20–2.24



	Particle fraction
	20 vol%



	Viscosity @ 25 °C
	0.082 Pas



	Yield shear stress @ 25 °C
	0.159 Pa
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Table 4. Properties of the standard materials.






Table 4. Properties of the standard materials.










	
	Micron MRF
	Nano MRF





	Diameter of Fe particles
	6–7 μm
	80–120 nm



	Solvent
	hydrocarbon oil

+ dispersant
	hydrocarbon oil

+ dispersant



	Relative density
	2.20–2.24
	2.20–2.24



	Particle fraction
	20 vol%
	20 vol%



	Viscosity @25 °C
	0.082 Pas
	5.58 Pas



	Yield shear stress @25 °C
	0.159 Pa
	5.80 Pa
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Table 5. Summary of the long-term measurement.






Table 5. Summary of the long-term measurement.





	

	
Parallel Plate

	
V-Shaped Plate




	
Micron

	
Nano

	
Micron

	
Nano






	
Time (hour) @ 1 MJ/mL

	
42.6

	
38.7

	
23.7

	
23.6




	
Time (hour) @ 2 MJ/mL

	
86.9

	
81.7

	
47.4

	
47.5




	
Ave. torque b/w 1–2 MJ/mL

(Nm/mL)

	
0.300

	
0.309

	
0.561

	
0.554




	
S.D. torque b/w 1–2 MJ/mL

(Nm/mL)

	
0.0228

	
0.00511

	
0.0452

	
0.00231




	
Rate of variability (%)

	
7.62

	
1.66

	
8.05

	
0.418
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