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INSTRUCTIONS 
In metal cutting, tool wear is an unavoidable 
phenomenon. There are many factors affecting 
the occurrence and characteristics of tool wear 
such as tool materials, cutting condition, tool 
geometry, and the workpiece materials being cut. 
In conventional cutting, the tool wear 
characteristics include: Nose wear, tool face 
wear, wear-land wear, cratering, and plastic flow 
[1]. However, the tool wear characteristics in 
ultra-precision machining are different from 
conventional machining. These differences 
include two aspects, first the cutting tool in ultra-
precision machining is single crystal diamond, 
who owns super hardness and high thermal 
conductivity, which make the tool wear 
characteristic different [2]. Second, the diamond 
turnable workpiece material is broad, it not only 
include ductile materials like aluminum, copper, 
electroless nickel, but also include some brittle 
materials like ceramics, silicon, glass and so on 
[3-7]. Similar to conventional cutting, in ultra-
precision cutting, tool wear occurs and features 
largely depend on the cutting condition, the 
workpiece material being cut. Cutting condition 
can seriously affect the tool life and tool wear 
characteristics. However, for diamond cutting 
ductile material such as copper and aluminum, a 
smooth and flat wear land is formed [8]. 

Ultra-precision raster fly cutting (UPRFC) is a 
typical intermittent cutting process whereby the 
diamond tool rotates across the spindle while 
the workpiece is fixed. The intermittent cutting 
property of UPRFC makes its tool wear 
characteristics different from other cutting 
process. This difference includes two aspects: 
one is that diamond tools are employed in the 
UPRFC cutting process, the extreme hardness 
and low friction coefficient of diamond tools 
delays the occurrence of tool wear [9]. The other 

one is that the discontinuous cutting mechanism 
of UPRFC reduces contact time between the 
diamond tool and workpiece, which allows for 
superior heat dispersion to suppress the 
occurrence of tool wear [10]. Until now, Yin et al. 
(2009) has conducted the research on tool wear 
characteristics in UPRFC, they identified the 
characteristics of diamond tool as fractures or 
micro chipping due to effects of impacts during 
the UPRFC process [11]. Our previous study 
found that the tool wear characteristics of 
UPRFC not only includes fractures of the cutting 
edge at the initial tool wear stage, but also 
includes material welding on the rake face, wear 
land and sub-wear-land formation at the steady 
wear stage, and micro-groove on the clearance 
of cutting tool [12]. Moreover, the tool wear 
characteristics identification methods and tool 
wear effects on the machined surface quality are 
investigated [13-15]. However, studies of tool 
flank wear effects on the cutting edge receding 
in UPRFC have not been conducted before. 

In the present research, the tool flank wear 
characteristics are investigated, the effects of tool 
flank wear on cutting edge shrink is modeled, and 
cutting edge shrink effects on the surface 
roughness are discussed. The present research 
provides a deep insight into the relation between 
tool flank wear and cutting edge in ultra-precision 
machining. 

EXPERIMENTS 
In this study, a Precitech Freeform 705G 
(Precitech Inc., USA) five-axes CNC ultra-
precision lath was used to perform the cutting 
experiment, which owns two typical cutting 
strategies: horizontal cutting and vertical cutting, 
as is shown in Fig. 1. In this study, a diamond 
tool designed and fabricated by Apex Inc., UK 
was chosen to cut the desired flat surface. Tool 
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geometry parameters are: tool nose radius of 
0.631mm, rake angle of -2.5°, clearance angle 
of 15°. Cutting parameters used in this study are: 
feed rate: 200mm/min, depth of cut: 0.03mm, 
spindle speed: 4500rpm, swing distance: 

28.35mm, step distance: 0.025mm. Cutting 
environment is lubricant on, cutting strategy is 
horizontal cutting. The workpiece material used 
in this experiment is brass. The total cutting 
distance is around 5000 meters. 
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FIGURE 1.  Cutting strategies in UPRFC 
 
After cutting, the diamond tool was dismounted 
and inspected by Hitachi TM3000 scanning 
electron microscope (SEM), while the cutting 
edge profile was measured by a Park's XE-70 
atomic force microscope (AFM). 
 
RESULTS AND DISCUSSION 
 
Tool Flank Wear Features  

Diamond material has excellent mechanical 
properties such as extreme hardness and low 
friction coefficient. However, with the growing of 
the cutting distance, the mechanical wear of 
diamond tool is evitable. Fig.2 shows SEM tool 
wear figures after 5000m diamond flat cutting, it 
is found a smooth wear land is formed on the 
cutting edge. The wear land is wider at its 
central while thinner at its two sides, which is 
figured as crescent-like profile. 
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FIGURE 2.  SEM figures of tool flank wear patterns after 5000m flat cutting 
 
The occurrence of tool flank wear makes the 
cutting edge shrink and changes the tool 
geometry parameter. Therefore it will affect the 
form accuracy of machined surface.  
 

Fig.3 shows the AFM figure of cutting edge, it is 
found that after a long distance cutting, a 
smooth wear land is formed on the cutting edge. 
The wear land has an angle ϕ with the rake face 
of diamond tool.  
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FIGURE 3.  AFM photograph of cutting edge 
 
Based on Fig.3, the width of wear land can be 
measured. Also the wear land angle can be 
measured. 
 
Cutting Edge Shrinks Model  
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FIGURE 4.  Schematic of the side view (a) and 
the top view(K--K' plane) (b) of tool flank wear 

 
For clarity, two coordinate systems o-yz and o'-
y'z' were established to present different arcs, as 

shown in Fig. 4 (b). In Fig. 4 (a),  is the wear 

land width, whose value can be identified from 
the cutting chips, and ϕ is the wear land angle, 
whose value is 40.5° since brass material being 
cut.  
 
Based on the geometric relationship, the cutting 

edge retraction ( ) can be calculated from the 

Sine law. As is shown in Fig.4 (a), in 

triangle , , , 

according to the Sine law: 
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From Eq. (1), the length  can be calculated 

as: 
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Where w is the wear land width.  
 

In triangle , the length  can be 

calculated as: 
 

sin sin
sin

sin(90 )
=bd ab w

 


 


 
        (3) 

 

In the thrust plane K-K’, supposing , 

we obtain: 
 

sin sin

sin(90 )
lh b d bd w

 

 
   

 
       (4) 

 
New Formed Tool Nose Radius 
The tool flank wear in the UPRFC process 
makes the tool material loss-zone a crescent-
like profile that is thicker at the center position 
while thinner at the two sides, as shown in Fig. 4 
(b). Suppose the newly formed cutting edge and 
the original cutting edge are intersected at the 
point m and n, while the central point of new 
cutting edge arc mn is b'. 
 
In Fig. 4 (b), according to the geometric 
relationship, we obtain: 
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From Eq. (5), two angle α and β can be 
calculated as:  
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Therefore, θ in Fig. 4 (b) can be calculated as: 
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In triangle ont in Fig. 4 (b), nt can be solved as: 
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Similarly, in triangle o'nt, sin is calculated as: 
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From Eq. (9), the angle of φ can be computed 
as: 
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Since the difference of  and  equals the 

height of the loss zone (hl), yields:  
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Submitting Eq. (10) into φ in Eq. (11) yields: 
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Eq. (12) can also be written as a function, as: 
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From Eq. (13), R' can be solved from numerical 
methods. 
 
Effect Of Cutting Edge Shrink On The 
Machined Surface Roughness 
Fig. 5 (a) shows that the surface topography is 
formed by the imprints of the cutting edge and 
that in the topography forming process, the 
intersection point of two original cutting edges is 
point g. However, the retraction of the cutting 
edge due to tool flank wear leads to the new 
intersection between the original cutting edge 
and worn cutting edge; the intersection point has 
been changed into point u, which causes a 
motion of the intersection point. In actuality, the 
retraction of cutting edge and the motion of 
intersection point are progressing 
simultaneously. Therefore, the retraction of 
cutting edge leads to the intersection of worn 
cutting edge at point u. Due to the bigger cutting 
edge radius of the worn cutting edge, the 
imprints of the worn cutting edge on the 
machined surface will cause a smaller surface 
roughness, as shown in Fig. 5 (b). 
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FIGURE 5.  Tool flank wear effect on surface 

roughness 
 
The theoretical peak-to-valley roughness in 
UPRFC is calculated as [14]: 
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As the tool flank wear occurs, a new tool nose 
radius (R') is formed, the theoretical peak-to-
valley roughness is changed into: 
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CONCLUSIONS 
In the present research, cutting edge shrink 
under tool flank wear and its effects on the 
machined surface roughness are investigated. 
Some specific conclusions drawn from the 
research are:  
 
1. A smooth wear land is formed on the cutting 
edge as diamond cutting ductile materials, the 
smooth wear land has an angle with the rake 
face of diamond tools. 
 
2. The occurrence of tool flank wear forms a 
new tool nose arc with a larger radius and a 
changed circle center. 
 
3. The formation of tool flank wear affect the 
machined surface roughness, theoretically, 
cutting edge shrink reduce the surface 
roughness. 
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