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Abstract

:

Titanium is often used in various important applications in transportation and the healthcare industry. The goal of this study was to determine the optimum processing of magnetic abrasives in beta-titanium wire, which is often used in frames for eyeglasses because of its excellent elasticity among titanium alloys. To check the performance of the magnetic abrasive finishing process, the surface roughness (Ra) was measured when the specimen was machined at various rotational speeds (700, 1500, and 2000 rpm) in the presence of diamond paste of various particle sizes (0.5, 1, and 3 μm). We concluded that the surface roughness (Ra) was the best at 2000 rpm, 1 μm particle size, and 300 s processing time, and the surface roughness of β-titanium improved from 0.32 to 0.05 μm. In addition, the optimal conditions were used to test the influence of the finishing gap, and it was found that the processing power was superior at a gap of 3 mm than at 5 mm when processing was conducted for 300 s.
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1. Introduction


Materials with good mechanical properties are needed in high-tech applications. Therefore, many studies are being conducted to achieve high accuracy and improve the quality of products, particularly with regard to surface properties. Many machining methods have been adopted for high-precision processing technology [1,2]. However, the surface accuracy results obtained are not satisfactory in many industries. Wire titanium comes in the form of pure titanium alloy, which has been widely used in eyeglasses frames because of its good elasticity, resilience, and ability to bend to fit the shape of the face. Beta titanium is lighter than regular titanium and can be a good alternative material for weight reduction because it is stronger, resistant to heat, and shows less deformation and deterioration caused by salt [3]. Thus, it has been applied in clinical situations, for example, in braces for teeth. However, beta-titanium alloy is difficult to machine due to its low thermal conductivity. The magnetic abrasive finishing (MAF) process is an ultra-precision machining technique which uses magnetic fields to process hard-to-work pieces [4,5,6]. Heng et al. [7] applied the magnetic abrasive finishing process to achieve a high surface quality of magnesium alloy bar (Ø3 mm × 50 mm). His result showed that the value of surface roughness was reduced 0.02 µm after the finishing process within 20 s. Chang et al. [8] used the magnetic abrasive finishing process for cylindrical surface finishing of SKD11 steel material (Ø15 mm × 80 mm). His result showed that after the finishing process, the best surface roughness (Ra) of 0.042 μm was achieved by 180 μm steel grit abrasive.



However, workpieces made of small diameter beta-titanium alloy wire may experience fractures and micro-cracks due to the high pressure of the magnetic abrasive finishing process [9,10,11,12]. Therefore, the magnetic abrasive finishing process must be employed with new processing parameters such as a wire moving system (WMS), a wire vibration system (WVS), or a combination of WMS and WVS.



We conducted a study to identify the optimal conditions for beta-titanium workpieces using a magnetic abrasive finishing process with multiple transfer movement methods. The experiments were carried out with various abrasive particle sizes, rotational speeds, finishing gaps, and multiple transport motion methods under the chosen processing conditions.




2. Experimental Equipment and Methods


2.1. Experimental Equipment


Figure 1 and Figure 2 show the experimental setups of the magnetic abrasive finishing process and the finishing equipment for beta-titanium wire alloys, respectively. The magnetic abrasive finishing (MAF) equipment uses a rotational magnetic field and consists of a stepping motor and a system controller. These allow forward rotation and reverse rotation with ultra-high precision to improve the surface accuracy of machined beta-titanium alloy. This equipment was designed to allow the wire workpieces to reciprocate inside a flexible magnetic abrasive brush. MAF equipment for beta-titanium wire alloy processing is divided into three main parts: (i) the wire moving system (WMS), (ii) the rotational magnetic field system (RMS), and (iii) the wire vibration system (WVS). First, the wire moving system (WMS) consists of two sensors and a drive spool, stepping motor, belt, and power supply. The WMS reciprocates wires left and right inside the rotational magnetic field. Secondly, the RMS system consists of a belt, rpm controller, pulley, (Nd-Fe-B) permanent magnet, steel yoke, steel chuck, belt, program controller, stepping motor, and the unbonded magnetic abrasive materials. Permanent magnets (Nd-Fe-B) are used because they are small in volume and can generate high magnetic flux density, which can improve the resulting surface roughness [13,14,15,16]. Finally, the wire vibration system (WVS) consists of an electronic slider, a power supply, and a programmable controller. This method generates vibration in a rotational magnetic field of 8 Hz with 2 mm amplitude. The vibration of the magnetic field rotating system is used for increasing the number of finishing times, allowing the magnetic smoothing to proceed efficiently on the workpiece surface. The specimen used in this study is β-titanium wire with a diameter of 0.5 mm and a length of 50 mm. Figure 3 shows a schematic view of the device used to generate a rotational magnetic field for processing beta-titanium wire. Figure 3a shows the 3D view of rotational magnetic field device. Figure 3b shows the 2D dimensional view of the rotational magnetic field device used in this experiment. The finishing device consists of two sets of Nd-Fe-B magnets (20 mm × 10 mm × 5 mm), Al 6063 chuck, AISI 1018 steel yoke, and two sharp edges of AISI 1018 steel magnetic poles.




2.2. Beta-Titanium Wire Material


Compared with stainless steel wires, beta-titanium wire material has lower force magnitudes, lower elastic modulus, higher spring back (maximum elastic deflection), lower yield strength, and good ductility, weldability, and corrosion resistance. Its formability and weldability are advantages over Ni-Ti alloys [17]. Due to its excellent mechanical properties, it has been used in medical applications, sport applications, and as frames for eyeglasses. Therefore, beta-titanium wire material was used in this study as the workpiece with a diameter of 0.5 mm and a length of 50 mm. The chemical composition and mechanical properties of the specimen are shown in Table 1 and Table 2.




2.3. Experimental Methods


The experimental conditions are as shown in Table 3. The beta-titanium wire workpiece was 0.5 mm in diameter, 50 mm in length, and 0.33 μm Ra in surface roughness. Unbonded magnetic abrasive material was used in this study, which is a mixture of electrolytic iron powder (1.2 g, Fe #200), diamond paste (0.6 g), carbon powder (0.02 g), and light oil (0.3 mL). To find the optimal conditions for processing, we studied three sample β-titanium wire rotation speeds (700, 1500, 2000 rpm) and three diamond particle sizes (0.5, 1, and 3 μm). The process was conducted for 300 s of total finishing time at each condition. Ultrasonic cleaning and drying were performed every 60 s of finishing time to allow measurement of the correct surface roughness (Ra) of the β-titanium wire workpiece. In addition, the optimal conditions obtained from the previous two experiments (i.e., rotation speed, abrasive particle size) were applied with different finishing gaps (3 and 5 mm). The distribution of magnetic flux density was analyzed using a finite element method magnet (FEMM). To understand the change of surface roughness after the finishing process, the average surface roughness (Ra) values were measured every 60 s; three times at different positions by a surface roughness tester (Mitutoyo SJ-400, Japan).





3. Experimental Results and Analysis


3.1. Influence of Particle Size


Figure 4 shows the changes in surface roughness (Ra) as a function of finishing time for various magnetic abrasive particle sizes. To determine the effect of changes in magnetic abrasive particle sizes (0.5, 1, 3 μm) we performed experiments with an 8 Hz vibration rotational magnetic field at a rotational speed of 1500 rpm. The smallest (0.5 μm) grain size abrasive material was found to have the best effect followed by 1 and 3 μm magnetic abrasive particles. After the finishing process, the surface roughness of the workpieces were 0.12, 0.12, and 0.15 μm for particle sizes of 0.5, 1, and 3 μm, respectively. Thus, smaller magnetic abrasive grain sizes produced better results in terms of the surface roughness.




3.2. Influence of Rotational Speed


To determine the optimum finishing performance as a function of the rotational speed of the workpiece, three rotational speeds were investigated: 700, 1500, and 2000 rpm. For these experiments, the particle size was 1 μm and the magnetic pole shape was a sharp edge. Figure 5 shows the changes in surface roughness (Ra) according to different rotational speeds. The results showed that all the surface roughness values continually improved from 0 s to 300 s of finishing time. The surface roughness (Ra) was improved to 0.18, 0.15, and 0.09 μm at 700, 1500, and 2000 rpm, respectively. Thus, we confirmed that increasing the rotational speed improved the surface roughness (Ra) of the wire workpiece. This can be explained by the fact that increasing the rotational speed of the magnetic field can increase the relative motion between the workpiece surface and magnetic abrasive particles.




3.3. Influence of Clearance Distance


To determine the optimum clearance distance of the workpiece, the magnetic field distribution at the finishing zone was measured using an FEMM. In addition, the chemical composition of beta-titanium wire was analyzed by EDS and the density was verified by mapping. Before the finishing process, the clearance distances between the two magnetic poles were set to 3 and 5 mm. Figure 6 shows the result of the FEMM analysis; the results obtained at the finishing zone were 2.82347 magnetic flux density (T) for 3 mm clearance and 2.56956 T for 5 mm clearance. Figure 7 shows the relationship between magnetic flux density (T) and distance from the magnetic pole. Figure 8 shows the changes in surface roughness (Ra) and processing time for different finishing gaps. The finishing conditions were conducted under the optimal conditions (rotation: 2000 rpm; abrasive: 1 μm; sharp-edged magnetic pole, total finishing time: 300 s). The results showed that surface roughness continually improved from 0 s to 300 s of finishing time. The surface roughness (Ra) improved to 0.08 μm for a gap of 3 mm and 0.21 μm for a gap of 5 mm. This showed that the 3 mm finishing gap was much better than a 5 mm gap. Thus, a smaller finishing gap distance can provide better surface roughness (Ra) on the beta-titanium wire workpiece. According to Figure 6, a higher magnetic flux density was obtained when using smaller finishing gaps. During the finishing process, the higher magnetic flux density generated higher magnetic force, which acted strongly on the magnetic abrasive particles, resulting in a workpiece with better surface quality.



The surface conditions of beta-titanium wire before and after finishing were investigated using an optical microscope (IMS-M-345) (see Figure 9). Figure 9a shows the initial surface condition before the finishing process. As shown in Figure 9a, the multiple grooves and original scratches can be found everywhere on the initial surface and surface roughness Ra is 0.32 μm. Figure 9b shows the surface condition after the finishing process. From Figure 9b, the surface condition of beta-titanium wire is smoother than the initial surface condition and the multiple grooves were mostly removed. A surface roughness (Ra) after the finishing process is 0.05 μm.



Figure 10 shows EDS chemical component analysis graphs for beta-titanium wire before and after processing. Figure 10a shows the chemical components of the material detected on the surface of the beta-titanium wire alloy workpiece prior to the finishing process: 55.34% Ti, 26.68% O, 17.85% C, and 0.12% Fe. After the finishing process, Figure 10b shows a composition of 16.40% C, 21.68% O, 61.69% Ti, and 0.23% Fe. Ti and Fe increased after processing, and O and C were lower. However, no other components were found on the surface of the workpiece after the finishing process. This confirmed that the component magnetic abrasive tools did not affect the surface of the workpiece after the finishing process. Figure 11 shows the EDS chemical composition maps on the surface of the workpiece before and after the finishing process with optimal conditions. Table 4 shows the chemical composition of β-titanium wire before and after finishing.




3.4. Influence of Multiple Transport Movement


Experiments were conducted in three different ways to determine the processing characteristics associated with multiple transport movement. The optimal conditions (2000 rpm; 1 μm; sharp edge, finishing gap: 3 mm) obtained from the previous experiments were used, and the surface characteristics of the wire before and after processing were analyzed using the atomic force microscopy (AFM) 3D-micro images. Figure 12 shows the changes in surface roughness as a function of processing time for different transfer motion methods. In this experiment, the vibration factor was modified in the multi-transportation system, but when finishing time increased to 300 s, the processing performance was improved, and the surface roughness of the workpiece improved to 0.08 μm. The second experiment was conducted using only the feed rate provided by the rotational spools. In this case, the value of Ra was improved to 0.1 μm, which was not as good as the vibration single movement. Finally, vibration and feed rate were both employed at the same time. These results showed the best performance in terms of the surface roughness, showing improvement from 0.32 μm Ra to 0.05 μm Ra. Figure 13 shows the AFM 3D images of the workpiece before and after the various finishing processes: (a) before finishing, (b) vibration with feed rate (8 Hz, 80 mm/min), (c) vibration (8 Hz), (d) feed rate (80 mm/min). As shown in Figure 13, the initial surface of the workpiece was improved in all the conditions. However, better surface conditions were obtained using vibration with feed rate (see Figure 13b).





4. Conclusions


Experiments were conducted to find the optimal processing conditions for beta-titanium. The conclusions are as follows:




	
When the grain size of magnetic abrasive material changed at a fixed speed of 1500 rpm, the surface roughness (Ra) was improved to 0.05 μm.



	
When the rotational speed was changed and the particle size was fixed at 1 μm, the best results were obtained at a speed of 2000 rpm.



	
Better finishing was observed at a finishing gap of 3 mm than 5 mm.



	
In all conditions, AFM surface roughness measurements showed that the processed material had a smoother surface than before the machining.



	
When finishing using a multi-transfer motion method under optimal conditions, the processing effects were best to worst in the order: vibration with feed rate, vibration only and feed rate only.



	
Finally, we found that the magnetic abrasive finishing process using a Nd-Fe-B rare earth permanent magnet showed the best effect when the rotational speed was 2000 rpm and 1 μm abrasive material was used with a 3 mm finishing gap and a multi-transfer motion method.
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Figure 1. Experimental setup of magnetic abrasive finishing process for beta-titanium wire. 
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Figure 2. Magnetic abrasive finishing equipment for beta-titanium wire using Nd-Fe-B permanent magnet. 
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Figure 3. Schematic view of rotating magnetic field generator for beta-titanium wire: (a) 3D view of rotational magnetic field device and (b) 2D dimensional view of the rotational magnetic field device. 
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Figure 4. Surface roughness (Ra) vs. processing time for different diamond paste sizes (vibration: 8 Hz; rotation: 1500 rpm; sharp edge; gap: 3 mm). 
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Figure 5. Surface roughness (Ra) vs. processing time as a function of rotational speed (vibration: 8 Hz; abrasive: 1 μm; sharp edge; gap: 3 mm). 
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Figure 6. Front view of sharp-edged magnetic field analyzed by FEMM. 
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Figure 7. Magnetic flux density (T) vs. distance for different finishing gaps. 
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Figure 8. Surface roughness (Ra) vs. processing time for different finishing gaps (vibration: 8 Hz; abrasive: 1 μm; rotation: 2000 rpm; sharp edge magnetic pole). 
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Figure 9. Micro-images of surface roughness before and after finishing: (a) before finishing (Ra = 0.32) and (b) after finishing (Ra = 0.05). 
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Figure 10. EDS graphs of the workpiece before and after the magnetic abrasive finishing process (under optimal conditions: 1 μm, 3 mm, 2000 rpm, 300 s). 
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Figure 11. EDS chemical composition mapping of before and after processing the workpiece: (a) before finishing Ra = 0.32 and (b) after finishing Ra = 0.08. 
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Figure 12. Surface roughness (Ra) vs. finishing time for multi-feed movement (vibration: 8 Hz; abrasive: 1 μm; rotation: 2000 rpm; finishing time: 300 s; sharp edge). 
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Figure 13. Atomic force microscopy (AFM) 3D image of the workpiece before and after finishing process according to multi-transportation system employed. 
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Table 1. Chemical composition of β-titanium wire.
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	Component
	N
	C
	H



	Chemical composition

(Max%)
	0.03
	0.08
	0.015



	Component
	O
	Fe
	Ti



	Chemical composition

(Max%)
	0.18
	0.2
	Remainder
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Table 2. Mechanical properties of β-titanium wire.
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	Mechanical

Properties
	Matrix





	Tensile strength (MPa)
	345



	Yield strength (MPa)
	220



	Elongation (%)
	35



	Hardness (HV)
	115



	Elastic modulus (GPa)
	115



	Density (g/m3)
	4.51










[image: Table] 





Table 3. Experimental conditions.
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	Workpiece material
	β-titanium wire (L = 50 mm, D = 0.5 mm)



	Electrolytic iron powder
	1.2 g (#200)



	Diamond paste (PCD)
	(0.5, 1, and 3 μm) 0.6 g



	CNT particle
	0.02 g



	Lubricant
	0.3 mL (light oil)



	Magnet
	Nd-Fe-B permanent magnet (Size: 20 mm × 10 mm × 10 mm)



	Magnetic pole vibration
	Amplitude: 2 mm



	Finishing gap
	3 mm, 5 mm



	Rotational speed
	700, 1500, 2000 rpm



	Finishing time
	0, 60, 120, 180, 240, 300 s



	Vibration frequency
	8 Hz



	Feed rate
	80 mm/min
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Table 4. Chemical composition of β-titanium wire before and after finishing.
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	Element
	Chemical Composition (%)

before Processing
	Chemical Composition (%)

after Processing





	C
	17.85
	16.40



	O
	26.68
	21.68



	Ti
	55.34
	61.69



	Fe
	0.12
	0.23



	Total
	100
	100











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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(a) Before the magnetic abrasive finishing process (Ra = 0.32 ym).
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(b) After the magnetic abrasive finishing process (Ra = 0.08 um).





