
1. Introduction 

   Bioceramic materials are becoming increasingly important in medical devices [1]. Zirconia ceramic is a biomaterial of 

particular interest owing to its very favorable mechanical and chemical properties for medical application [2]. Its 

mechanical properties are very similar to those of metals and its color is similar to tooth color [3]. Because recent 

developments in the medical industry have created a demand for materials of small diameter and with high-quality surface 

finish [4], ultra-high-precision machining techniques that include magnetic abrasive finishing are under development, with 

the goal of satisfying the requirements of the new medical applications. In a previous study, several methods were used to 

improve the material's surface accuracy, namely burnishing, grinding, lapping, and super finishing [6]. However, when the 

workpiece is a material of microscale-diameter, use of such conventional processes becomes impossible because they entail 

the application of high pressures that may damage the surface to be finished. Moreover, less control is available over these 

conventional finishing processes.  To overcome these problems, in the present study the ultra-high-precision machining 

technique was applied to precision machining of microscale-diameter material by using an ultra-high-speed machining 

system based on the use of an unbonded magnetic abrasive tool. In this machining process, an ultra-high-speed spindle 

capable of rotation up to 35,000 rpm was used. In magnetic abrasive finishing, the rotational speed of the workpiece and 

the characteristics of the abrasive tool are the most critical parameters [5]. The diameter or surface of the microscale-

diameter material can be improved by producing a relative motion between the workpiece surface and the magnetic 

abrasive tool. Furthermore, the use of a high-strength cutting edge and abrasive particles of small grain size is most 

effective in preparing high-quality machined surfaces [7]. In the present study, an ultra-high-precision machining 

technique based on magnetic abrasive finishing was applied to the precision machining of microscale-diameter material by 

means of using an ultra-high-speed machining system and an unbonded magnetic abrasive tool. Herein, we first describe 

the development of the ultra-high-speed machining technique. Then, we describe our study on the effects of ultra-high-

speed machining upon workpieces of microscale diameter. Finally, we evaluate the machining capabilities of the ultra-high-

precision machining technique based on magnetic abrasive finishing.  
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2. Development of Ultra-High-Precision Machining 

Fig. 1 Photograph of the processing principle Fig. 2 Schematic illustration of magnetic forces acting on the microscale-

diameter workpiece 

3. Experimental Setup and Method 

Fig. 3 Block diagram of the ultra-high-precision machining equipment Fig. 4 Preparation of the microscale-diameter workpiece 

3.1 Machining Equipment 

4. Experimental Conditions  

Workpiece diameter (µm) Zirconia ceramic bar, 800  

Workpiece revolution (rpm) 1,000, 10,000, 20,000, 35,000 

Unbounded magnetic abrasive tool 

Electrolytic iron powder: 82 wt% (#200 sieve) 

Diamond abrasive particles (PCD): 16 wt% (1 µm) 

CNT particles: 2 wt% (0.01–0.04 µm) 

Light oil: 0.1 ml 

Permanent magnetic flux density (mT) 950 

Pole vibration 
Frequency: 10 Hz 

Amplitude: 0.5 mm 

Magnet type Nd-Fe-B permanent magnet 

Machining gap (mm) 0.5 

Machining time (s) 0, 20, 40, 60, 80, 100, 120, 140, 160 

3.2 Unbonded Magnetic Abrasive Tool 

Mechanical properties of abrasive particles 

  

Thermal 

Conductivity 

(W/mK) 

Elastic 

Modulus 

(GPa) 

Strength 

(GPa) 

Density 

(g/cm3) 

Boron 100–200 370–400 3.3–4.0 2.4 

SiC 70–110 210–400 2.9–4.0 3.1 

Al2O3 30 380 1.5 3.9 

PCD 350 1050 4.0 3.42 

CNT 1800–6600 600–1200 20–50 1.6 

Experimental conditions 

5. Experimental Results and Discussion 

5.1 Dimensional Accuracy 

Fig. 8 Relationship between machining depth and machining 

time (10 Hz, grain size: 1 µm) 

Fig. 9 Average machining depths for 20 s of machining at various 

rotational speeds  

Fig. 12 AFM micrographs of surface roughness before and after machining 

Abstract 
   The paper proposes a new ultra-high-precision machining technique, based on magnetic abrasive finishing, to achieve both high dimensional accuracy and surface accuracy of microscale-diameter materials that are difficult or impossible to machine conventionally. 

Microscale-diameter zirconia ceramic bars were used as the workpieces, and were machined by means of the proposed technique at different workpiece revolution speeds (1,000, 10,000, 20,000, and 35,000 rpm). Machining depth increased with workpiece revolution speed, and 

was the greatest for the highest speed studied of 35,000 rpm. The technique also yielded excellent performance in terms of surface roughness; the initial surface roughness (Ra) of 0.18 µm was decreased to 0.02 µm under machining at 35,000 rpm for 40 s. SEM and AFM 

micrographs gave evidence of the technique’s high performance. 

6. Conclusions 

In this study,  an ultra-high-speed machining technique based on magnetic abrasive finishing 

was developed and applied in precision machining of the difficult-to-machine material of 

microscale-diameter zirconia ceramic bars. The results can be summarized as follows: 

1. The ultra-high-precision machining technique based on magnetic abrasive finishing method 

was effective in reducing the diameter and surface roughness of the microscale-diameter 

workpieces. 

2. The reductions in diameter increased as the rotational speed of the workpiece was increased, 

and the greatest machining speed observed was achieved at the highest speed studied of 

35,000 rpm. 

3. In terms of the surface accuracy, the rotational speed of the workpiece and the 

characteristics of the CNT particles used as abrasives were the most critical parameters for 

reducing the surface roughness of the microscale-diameter material; the surface roughness 

could be reduced to 0.02 µm by machining at 35,000 rpm for 160 s. 

Fig. 5 SEM micrograph of multiwalled CNT 

particles 

Fig. 6 SEM micrograph of diamond abrasive 

particles (1 µm) 

Fig. 7 Principle of the ultra-high-precision machining 

process 
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