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Abstract: In ultra-precision raster fly cutting (UPRFC), very high frequency microwaves in the 

range of 3.42 MHz~6.36 MHz are found on the machined surface. This study conducted a series 

of theoretical and experimental investigations to discover the origin of these microwaves and how 

they might be suppressed. Research results show that: (i) microwaves on the machined surface are 

caused by the material sliding during the chip formation in UPRFC; (ii) owing to the inconsistent 

thickness of chips along their length direction, the microwaves accumulate at the surface-exit in 

each feed length; and (iii) chip thickness and tool wear change the length and distribution of the 

microwaves. This research provides a deep insight into the formation of microwaves along with 

suggestion on how to suppress them. 
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1. Introduction

The study of vibrations in the cutting process and their effects on the surface finish are

important topics in the field of ultra-precision machining (UPM). A good understanding of the 

effects of vibrations on surface finish is the key to improving the quality of machined surfaces. 

During the UPM process there are multiple sources of vibration, including spindle vibration [1], 

tool tip vibration [2], self-excited vibration [3], background vibration [4] and material induced 

vibration [5], all of which have different effects on the surface finish. Tool-tip vibration with high 

natural frequencies influence surface topography at a nanometric level [6], and usually result in 

periodic fluctuation of the surface profile in a particular spatial frequency [7] and non-uniform 

zebra-stripe-like patterns on the machined surface [8]. Spindle vibration is another key factor that 

has a major influence on surface topography in UPM. For example, in ultra-precision diamond 

turning, axial vibration produces concave, periodic concentric, spiral and two-fold patterns on the 

machined surface [9]; and in ultra-precision raster fly cutting (UPRFC), coupled tilting vibration 

has a principle impact on surface topography by forming ribbon-stripe and irregular patterns on the 

machined surface [10]. Moreover, material property (e.g. material anisotropy) causes a variation of 

the cutting force, shear angle, and surface roughness, which results in periodical patterns on the 

machined surface [11-12]. 

Material sliding during chip formation is another source of vibration that affects the 

machined surface finish. Material sliding is a cyclic behavior in the chip formation process, which 

is related to the accumulation and release of cutting energy. However, very few studies have 

focused on material sliding behavior in chip formation and the related surface topography changes. 

The most comprehensive research into the relation between saw-tooth caused by material sliding 

and surface waves was conducted by Su et al. (2015) [13]. In their study, the correlations between 
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chip morphology and machined surface micro-topography at different chip serration stages 

encountered in high-speed cutting were explored. They found that chip serration causes 

microwaves on machined surfaces, which increases machined surface roughness. In addition, Du 

and Fei conducted a series of studies on surface topography classification and measurement in 

conventional milling [14-17]. However, there has been no relevant research involving UPRFC. 

UPRFC is a typical intermittent cutting process, whereby the diamond tool rotates with high 

speed, cutting into and out of the workpiece surface intermittently, as is illustrated in Fig.1. In 

every rotary cut, a crater is formed while the piece and pieces of crater cutting generate the desired 

surface structures. UPRFC has been widely used in the fabrication of non-rotational symmetric 

surface structures such as V-groove, pyramid structures, F-theta lens and freeform surfaces with a 

nanometric surface finish and submicron form accuracy.  
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Fig. 1 Schematic of UPRFC process 

Unlike high-speed cutting and single point diamond turning, UPRFC is a fly cutting process 

whereby the diamond tool is flying during the cutting. The intermittent cutting mechanism makes 

the chip morphology thinner at its two sides while thicker at its middle [18-19]. Owing to the 

inconsistent thickness of chips along their length direction, material sliding and its effect on the 

surface finish is also different. Prompted by observations of microwaves on machined surfaces, 

this research investigates the origin and suppressing methods of such microwaves, and provides a 

deep insight into the cutting mechanism and material sliding in UPRFC. 

2. Experiments

In this study, the fly cutting experiments were conducted in the Precitech 705G CNC

ultra-precision fly cutting machine (Precitech Inc. USA), which has five axes including three 

linear axes and two rotary axes. The experimental setup is shown in Fig.2. In the fly cutting 

process, the workpiece was mounted on a rotatable table (B axis) while the diamond tool was 

installed on the spindle holder that rotates circularly around the spindle axis. The commonly used 

CuZn30 for ultra-precision machining was used as the workpiece material, which has good 

diamond-machinable properties and appropriate hardness. To obtain better results, the cutting 

parameters used in the experiment were a little different from those commonly used. Single crystal 

diamond tool (Apex Inc., UK) with a rake angle of -2.5°, a clearance angle of 15°, and a tool 

radius of 0.631 mm was employed to cut the machined surface. The cutting parameters used in the 

experiment were: feed rate 200 mm/min, depth of cut 0.03 mm, spindle speed 4500 rpm, step 

distance 0.025 mm, swing distance 28.35 mm, a horizontal cutting strategy, and a lubricant-on 

cutting environment. 
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Fig.2. Experimental description 

The straight cutting distance for this experiment was 5000m. Before the cutting and after 

each 1000m of cutting, the cutting chips were collected and examined by a Hitachi TM3000 

scanning electron microscope (SEM). Simultaneously, the cutting tool and workpiece were 

dismounted and examined by the Hitachi TM3000 SEM and an Olympus BX60 optical 

microscope, respectively. 

3. Results and discussion

In UPRFC, the diamond tool conducts a linear feed motion and a rotary cutting motion at the

same time. Combining the two motions, the tool trajectory of the diamond tool and the machined 

surface topography are produced, as is shown in Fig.3 (a) and (b). 

Fig.3. Schematic of cutting process in UPRFC (a) and surface generation (b) 

In the experiment, a lot of microwaves were found on the machined surface with very high 

frequencies, as is shown in Fig.4. The length of the waves were in the range of 2.1 μm-3.9 μm, the 

microwaves accumulated into different groups with nearly the same distance between them, and 

the distance between two neighboring groups was about 40um-45um. 
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Fig.4. Microwaves appear on the machined surface 

Based on the cutting parameters, the feed length in a rotary cutting can be calculated as: 
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Where fr is the feed length in a rotary cutting, fe is the feed rate in mm/min, sp is the spindle speed. 

Since the distance between two neighboring groups of microwaves is almost equal to the feed 

length in a rotary cutting, the microwaves on the machined surface are probably related to the 

rotary cutting. 

According to the cutting parameters, the frequency of microwaves can be obtained. The 

linear velocity of the cutting tool in UPRFC can be calculated as: 
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Where ω is the angular velocity of spindle, sw is the swing distance. 

The frequency of the microwaves is calculated as: 
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Where w is the length of microwaves. 

Therefore, the microwaves own the frequency in the range of 3.42 MHz~6.36 MHz. This 

high frequency band is much higher than the frequency band of background vibration, spindle 

vibration, and even tool-tip vibration, and is most likely caused by material sliding during the 

cutting. 

   In continuous cutting, the cutting tool compresses a layer of workpiece material and the 

consequent compressive stresses cause plastic deformation by shearing, resulting in a ductile 

fracture of this layer. After shearing, the layer being removed becomes the chip [20]. Schematic 

illustrations of the continuous cutting mechanism and SEM photographs of the chip formation are 

show in Fig.5 (a) and (c). The uniform material sliding in continuous cutting leaves uniform 

microwaves on the machined surface [13]. However, UPRFC has a different cutting mechanism 
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whereby the intermittent rotary cutting mechanism makes the chip thickness inconsistent along its 

length direction in the chip formation process; that is, thinner (theoretically zero thickness) at two 

ends (tool entry and tool exit in Fig.5 (d)) and thicker at the middle, as is shown in Fig.5 (b) and 

(d). The inconsistence of chip thickness leads to non-uniform material sliding during the chip 

formation in UPRFC, which causes the different pitch of saw-tooth chip. Therefore, the length of 

microwaves on the machined surface is also different in UPRFC. 
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Fig.5. Schematic of continuous cutting (a) and chip formation (c)[5], and schematic of fly cutting 

(b) and chip formation (d)

As not all the chip area mirrors the machined surface, only a certain area of chips can reflect 

the machined surface topography. As shown in Fig.5 (b) and (d), the beginning of the chip area is 

defined as surface-entry (point b), while the ending of the chip reflecting machined surface is 

named as surface-exit (point e). The distance between surface-entry and surface-exit is equal to the 

feed length in a rotary cutting, however it is shorter than the chip length (from point b to point t in 

Fig.5 (b)). 

Fig.6 shows the lamella structures on the different areas of a cutting chip, owing to the 

thinner thickness of chips at the surface-entry and thicker thickness at the surface-exit. The pitch 

of lamella structure is much smaller at surface-entry of the chip (see Fig.6 (a)), while the pitch of 

the lamella structure is relatively large at the surface-exit of the chip. Correspondingly, the 

microwaves on the machined surface are exposed and accumulate at the surface-exit in each feed 

length due to the smaller length of microwaves at the surface-entry. 
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Fig.6. Lamella structure at different chip area: (a) surface-entry, (b) middle place, (c) near to 

surface-exit 

In UPRFC, with the growing of cutting distance, tool wear features are 

changed correspondingly. As is shown in Fig.7, the initial tool wear features tend to be 

fracture on the cutting edge (e.g. F1 and F2 in Fig.7 (a)), then a wear land is formed on the 

cutting edge and whose width increases with the growing of cutting distance, meanwhile, the two 

fractures (F1 and F2) are flatten a lot, as is shown in Fig. 7 (b) and (c).   
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Fig.7. Tool wear features at the cutting distance of (a) 3.6m, (b) 3000m and (c) 5000m 

The formation of wear land on the cutting edge affects the distribution of the microwaves. 

Table 1 lists the relation among tool flank wear, chip morphology and the distribution of 

microwaves on the machined surface. It is found that as the tool wear progresses, the tool entry of 

cutting chips changes correspondingly. In particular, as a wear land is formed on the cutting edge, 

cutting chips are truncated at both tool entry and tool exit, as is shown in Table 1 (b4) and (c4). 

Therefore the tool wear progress affects chip formation in UPRFC. 

Table 1. Relationship among microwaves, tool wear and chip morphology 
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The relation between tool flank wear and chip formation can also be reflected by the 

microwaves on the machined surface. It can be seen from Table 1 (a1)-(a4) that the occurrence of 

tool flank wear changes the distribution of the microwaves. As the tool flank wear progresses, 

distribution of the microwaves accumulates more at the surface-exit rather than along the whole 

surface of the feed length (see Table 1 (a4)); the length of the microwaves also becomes relatively 

large. The phenomena is thought to be related to the effect of the minimum depth of cut, at the 



initial cutting stage, cutting tool with a sharp cutting edge can cut down very thin chips. However, 

tool flank wear increase the radius of cutting edge, therefore a ploughing instead of cutting occurs, 

this will lead to the accumulation of material at the surface-exit and the formation of microwaves 

on the machined surface. 

The effects of tool wear on the length and distribution of microwaves is presented in Fig.8, 

which was obtained by measuring 50 wavelengths and 20 group lengths of microwaves at each 

cutting distance first, and then calculating their mean value and variance. It is found that with 

increasing cutting distance (tool wear progress) the average length of microwaves increases 

correspondingly; the variance of microwaves width also increases indicating that the unstable 

material is sliding under the tool wear. Moreover, with increasing cutting distance (tool wear 

progress), the group length of microwaves becomes shorter and the variance of group length 

decreases, meaning that the microwaves are increasingly concentrated. 
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Fig.8. Relation curves of wavelength with respect to cutting distance (a-b), and group length with 

respect to cutting distance (c-d) 

Based on the above discussion, there are two methods for suppressing microwaves on the 

machined surface: i) change the cutting parameters to reduce the chip thickness, and ii) suppress 

tool wear. 

4. Conclusions

The following are the specific conclusions drawn from the foregoing research into the origin

and distribution of high frequency microwaves found on UPRFC machined surfaces: 

(1) The length of microwaves on the machined surface is about 2.1μm-3.9μm, the microwaves

accumulate in groups with the same distance of 40um-45um in between each group, and the 

microwaves own the high frequency band of 3.42 MHz~6.36 MHz. 



(2) The microwaves originate from material sliding during the chip formation due to the

inconsistence of chip thickness in UPRFC, and the microwaves on the machined surface tend to 

accumulate at the surface-exit in each feed length. 

(3) As tool wear progresses, the length of microwaves increases while the length of each group of

microwaves decreases to become more concentrated. 

(4) Reducing chip thickness and suppressing tool wear can suppress the occurrence of microwaves

on the machined surface. 
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