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Abstract 
This paper presents an alternative tool, driven rotary tool to perform ultra-precision cutting of tungsten carbide (WC), addressing 
poor tool life. Effects of various cutting parameters on the polycrystalline diamond tool wear and the roughness (Ra) of the 
workpieces were studied. A series of driven rotary cutting tests were conducted to verify the predicted critical ductile-brittle 
transition depth-of-cuts. The diamond tool wear and the profile roughness of the WC workpieces were measured and benchmarked 
against the result of stationary diamond tool. The results showed that the experimental critical depth of cut (3.2 μm) deviated from 
the predicted critical depth of cut (3.8 μm) at around 16%. The roughness of the workpiece machined by rotary cutting approach was 
as low as 76 nm. From the results, the developed driven rotary cutting technique showed a great potential in ultra-precision 
machining of WC and enhancing the tool life. 
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1. Introduction 

Tungsten carbide (WC) is widely used in various applications 
due to their superior wear resistance and high hardness [1]. For 
instance, WC are used to mould glass devices with micro or 
nanostructures in the optical industry [2]. However, WC are 
difficult to be machined because of their superior properties and 
their brittleness. Grinding process complemented by polishing, 
and electro-discharge machining are generally the only 
conventional and non-conventional operations, respectively, to 
machine WC. While the ultra-precision grinding can achieve 
ductile machining of WC, the operation is usually more complex 
and time consuming than cutting. Cutting seems more appealing 
to machine WC because it has higher material removal rate, 
more predictable than grinding and can produce good surface 
finish [3]. 

Cutting of WC in ductile zone, also known as ductile cutting, is 
important to produce good surface finish. Ductile cutting is a 
process at which the material removal is via plastic flow rather 
than brittle manner in order to produce crack-free surface [4]. 
Machining of brittle materials will transit from ductile into 
brittle-manner mechanism when the depth is beyond the critical 
value (𝑑𝑐) and this transition is not desirable as it will produce 
surface with fractured cracks, thus deteriorating the surface 
finish. There are many works which presented different 
equations to calculate the critical DOC (dc), and one of them is 
Bifano’s model [5] which presented Equation (1) as follow: 
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where 𝐾𝑐 , 𝐻 and 𝐸 are the fracture toughness, hardness and 
Young’s Modulus, respectively.  

Diamond tools are widely used in ultraprecision machining of 
WC due to their  sharp cutting edges, high reliability and good 
wear resistance [6]. However, several researchers [2, 7] reported 
flank wear of the cutting tools due to adhesion, abrasion and 
diffusion, and even cracks at high cutting speed.  

On the other hand, driven-rotary tool (DRT) is a technique 
which rotates a round cutting tool using an external rotary 
spindle while machining workpiece, especially for ferrous metals 
and hard materials. The tool wear can be reduced due to lower 
tool temperature and shorter engagement time between the 
tool and the workpiece [8], as compared to stationary tool. 
However, there is no known work which used diamond tool for 
DRT method, nor is there known work which used DRT method 
in ultraprecison machining (UPM). Hence, this paper aims to be 
novel and explore the application of DRT method for cutting of 
WC and minimizing the diamond tool wear. 

2. Driven-Rotary-Tool Cutting  

In the driven-rotary-tool (DRT) cutting process, a round 
polycrystalline diamond (PCD) tool rotates while the tool rake 
face feeds orthogonally towards the WC sample. In this manner, 
the tool-workpiece contact time would be not only significantly 
reduced but also the tool wear would be evenly distributed. In 
this paper, the impact of tool rotational speed on the quality of 
machined WC sample would be studied with a series of plunge 
cutting tests. The test results shall be discussed in the later 
sections. 

 

 

Figure 1. Illustration of cutting WC sample using a driven rotary tool 

 
2.1. Predictive critical depth of cut 
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An indentation test using Vickers microhardness tester was 
carried out on WC sample (Grade EM10 [9]) to determine the its 
hardness (𝐻) and fracture toughness (𝐾𝑐), in order to determine 
the value of 𝑑𝑐  for possible ductile-mode cutting the WC sample 
with damage-free machined surface. When the brittle materials 
such as WC are indented, a median crack forms and the fracture 
toughness could be estimated from Equation (2) [9]. 
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where 𝑐 is the crack length of the median crack (3 m), as shown 
in Figure 2, under an indentation load 𝑃 of 2 kgf. Given that 𝐸 is 
550 GPa and measured 𝐻 and 𝐾𝑐  were 15.95 GPa and 13.8 
MPam0.5, respectively, the estimated 𝑑𝑐  by Equation (1) for WC 

sample was 3.8 m and shall be experimentally validated with a 
series of plunge cutting tests. 

 

 

Figure 2. Formation of median crack after indentation test at 2 kgf load. 

3. DRT Cutting Experiments and Results 

A series of plunge cuts were carried out on an ultra-precision 
CNC machine, shown in Figure 3, to validate the theoretical 

critical DOC of WC workpiece (EM10). The WC workpiece (12 
mm) was secured in the collet chuck and vacuum-clamped to 
CNC spindle. A round PCD tool with its geometry, shown in Table 
1, was driven by a tool rotary spindle. The spindle assembly was 
secured to the machine table. A round nose PCD tool, radius 0.4 
mm, was employed as stationary tool for a plunge cut. The 
parameters for plunge cut are described in Table 2.  

 

 

Figure 3. Experimental setup of plunge cut using DRT 
 

Plunge cut using the stationary PCD tool showed that the 
onset of ductile-brittle transition zone begun at DOC of 
approximately 3.2 μm. The ductile–brittle transition zone of test 
P1 is shown in Figure 4. At a small DOC, no cracks or pits were 
noticed, proving that the material removal was in ductile 
manner, leaving behind good surface finish. At the larger DOC, 
the material was removed via brittle fracture. Brittle mode of 

material removal caused the machined surface to have 
fractures, cracks, and pits. Therefore, the critical DOC for this WC 
sample was around 3.2 μm and deviated from the theoretical 
value (3.8 μm) at about 16% (0.6 μm). 

Table 1. Geometry of round PCD tool  
 

Tool material PCD 
 

 

Tool shape Round 

Tool diameter 8 mm 

Tool Rake angle 0 

Tilted angle  
(effective rake 
angle) 

-15 

Tool clearance 
angle 

7 

Table 2. Parameters of plunge cutting test. 
 

Coolant: Mist (Isopar)  

Test Tool Tool 
RPM 

Feedrate Plunge depth 
(mm) 

P1 
Round nose PCD 
insert, R0.4 mm 

0 

5 mm/min 
 

0 – 0.020 

P2 

Round PCD tool 

2500 0 – 0.015 

P3 1500 0 – 0.050 

P4 2000 

0 – 0.025 
P5 2500 

P6 3000 

P7 3500 

 

Figure 4. Ductile–brittle transition zone locates at DOC of 3.2 μm in the 
plunge test P1 (left). Pits and fractures occur at larger DOC (right).  
 

On the other hand, for plunge cutting tests using DRT method 
all the machined surfaces, shown in Figure 5, were observed 
with periodic grooves which arose due to the radial run-out of 

the round PCD tool (about 1 ~ 2 m). Fortunatrely, this run-out 
did not cause any fracture on the machine surface as the ductile-
mode cutting mechanism was not associated to DOC. Hence, the 
periodical grooves could be further removed via fine polishing 
process. The details of new cutting mechanism was explained 
below paragraphs.  

 

 

Figure 5. Periodic grooves arose due to tool radial run-out. 



  

 

As the tool moved forward at a constant feed and rotated at a 
constant RPM, the point on the cutting edge with the largest 
radius would cut deepest into the workpiece at a constant 
frequency, whereas the remaining of the cutting edge would not 
cut as deep, therefore forming the periodic grooves. These 
periodic grooves may have caused the diffraction of visible light 
into rainbow colours [10] which is shown in Figure 6. The 
distance between consecutive grooves, 𝑑𝑔 could be estimated 

by Equation (3). 
 

𝑑𝑔 =  
𝑓𝑒𝑒𝑑𝑟𝑎𝑡𝑒 

𝑡𝑜𝑜𝑙 𝑅𝑃𝑀
  (3) 

 

 

Figure 6. Photographic images of machined grooves on WC sample 

 
At a low DOC, ploughing occurred and there was no effective 

workpiece material removal, as shown in Figure 7. The DOC was 
comparable to the tool edge radius and the relatively blunt tool 
introduced ploughing force [11] and suppressed chip formation 
[12]. However, at very large DOC, there was little to no fracture 
observed on almost all the surfaces, such as the surface shown 
in Figure 7. This phenomenon of ductile-mode machined 
surfaces were observed, despite of having DOC larger than 𝑑𝑐  of 

3.2 m. It could be explained by the instantaneous uncut chip 
thickness was now related to 𝑑𝑔  instead of the plunging DOC 

due to the change in cutting mechanism from orthogonal to 
oblique cutting. As 𝑑𝑔 was smaller than 𝑑𝑐  for plunge cutting 

tetst P2 – P7, the fracture-free surfaces could be explained. 
 

 

Figure 7. SEM images for plunge cut using DRT method; Ploughing was 

observed at small DOC of < 0.005 m (right), and little or no fracture 

were observed at large DOC of 0.045 m (left). 

Further study was also conducted to correlate the impact of 
DRT tool RPM on the machined surface roughness. Figure 8 
presented the measured average roughness, Ra by using stylus 
profilometer. It was observed that the Ra of the machined 
surfaces by DRT were better than the machined surface by 
stationary tool. Test P5 showed the lowest surface roughness of 

0.076 m using the tool RPM of 2500 rev/min. At the higher tool 
RPM (> 2500), the Ra increased due the possibility of tool 
dynamic unstability. Nevertheless, DRT was still able its 
capability to machine WC in ductile-mode cutting mechanism 
leaving fracture-free machined surfaces. 

 

 
Figure 8. Measured average roughness for plunge cutting tests (P1 ~ P7). 

4. Conclusion 

Cutting of tungsten carbide, WC using a round PCD tool with 
driven rotary tool (DRT) method has been carried out. The 
critical DOC of WC sample (EM10) was studied first both 
theoretically and experimentally. The experimental critical 
depth of cut (𝑑𝑐) was 3.2 μm whereas the theoretical 𝑑𝑐  was 3.8 
μm. In the plunge cut experiments, the effects of tool rotary 
speed on machined surface roughness were studied. The 
conclusions can be summarized as follows: 

 

 The ductile-brittle transition for DRT cutting process was 
dominated by the feedrate per tool RPM (𝑑𝑔) which should be 

kept below the cirtical 𝑑𝑐 , in order to obtain fracture-free 
machined surface. 

 Plunge depth should be kept large to suppress the formation 
of ploughing (material elastic recovery) on the machined 
surface. in this study, the recommended plunge depth should 
be > 0.005 mm. 

 An optimum tool RPM of 2500 rev/min was identified and 

resulted in lowest surface roughness of 0.076 m. 

 Although the tool run-out was not negligible in ultraprecision 
machining (UPM) and deteriorated the surface quality in the 
experiments, it still did not cause any fracture on the 
machined surface. The resulted periodical grooves could be 
removed with the means of fine polishing. 
 
In conclusion, the DRT method showed great potential in UPM 

of WC and further studies should be conducted to explore its full 
potential. 
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