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Abstract 

With good prospect for machining functional surfaces on hard and brittle materials, 

single point diamond grinding (SPDG) has been applied, but its wider application still 

need more effort and development. In the present work, an appropriate dressing method 

is firstly proposed to obtain a sharp edge on a fine grit diamond wheel. With the 

prepared wheel, a designed ‘water-drop’ surface is machined by single point diamond 

grinding (SPDG), with the integration of the rotary B axis. Based on the proposed 

compensation method, the form accuracy and surface finish of the machined functional 

surface reaches 0.64 μm (PV), 6 nm (Sa) for the Ф20 mm ‘water-drop’ surface on 

binderless tungsten carbide. 
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1. Introduction 

With the continuously increasing requirements for more and more optical elements, 

hard and brittle materials are gradually replacing the traditional molds made of steel, 

aluminum, and copper materials. For example, tungsten carbide (WC) is widely used 

in the fabrication of molds to meet the requirement of high volume production for glass 

molding. Compared with conventional materials, these materials provide with high 

strength, high hardness, and great chemical and corrosion resistance at elevated 

temperature. In addition, to meet the requirement of miniaturization and integration, 

various types of functional surface, such as rotational symmetrical on or off the axis 

surface, lens arrays and freeform surfaces, have been machined by ultra-precision 

diamond turning and milling [1]. However, they are not suitable for machining hard and 

brittle materials due to the serious tool wear caused by the mechanical and chemical 

aspects at high temperature and pressure [2]. 

Fortunately, ultra-precision grinding can be utilized to machine hard and brittle 

materials to meet the requirements of high form accuracy and surface smoothness [3]. 

Parallel grinding methodology has been widely utilized to machine functional surfaces 

on such materials [4, 5], such as spherical, aspherical and Fresnel surfaces. As a good 

candidate for machining functional surfaces on hard and brittle materials, the recently 

developed grinding methodology, wheel normal grinding or single point diamond 

grinding, has been studied and utilized [4, 6-10]. In this grinding process, to solve the 

problem of size limitation for the machined surface [11], a sharp edge on the diamond 

wheel is necessary to prevent interference between the diamond wheel and the designed 



surface [12, 13].  

However, during ultra-precision grinding, diamond wheel wear and various error 

sources result in form deviation and worsened surface finish of the machined surface 

[14-17]. Especially for single point diamond grinding of structural surfaces, the sharp 

edge on the diamond wheel is of great importance and the rapid wear always makes it 

more difficult to achieve the designed surface profile [17]. Therefore, the right choice 

and dressing of a diamond wheel is the first prerequisite for ultra-precision grinding. 

Even during the machining process, the on-machine dressing of the wheel is needed if 

obvious wheel wear appears. In addition, the compensation of tool path based on the 

on-machine measurement needs to be performed to obtain better form accuracy [18-

20]. 

This work reports investigations on single point diamond grinding of a designed 

‘water-drop’ surface. Firstly, the dressing method of the diamond wheel to obtain a 

sharp edge is proposed and the wheel wear mechanism is explored. Then, grinding of 

the designed ‘water-drop’ surface on binderless WC is performed with the linkage 

movement of the X, Z and B axes. Finally, error compensation is undertaken, focusing 

on the alleviation of the center dent error.  

2. Designed ‘water-drop’ surface and the grinding methodology 

Fig. 1 shows the cross sectional profile and 3D surface of the designed ‘water-

drop’ surface. To prevent the interference between the Ф16 mm diamond wheel and the 

workpiece, the cross-sectional profile was designed according to Eqs.(1) to (3): 
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Fig. 1 (a) Cross-sectional profile; (b) the 3D surface of the designed “water-drop” 

surface (plotted by a MATLAB program) 

Single point grinding is a newly developed grinding methodology, which is more 

appropriate to machine structural surfaces. At a higher grinding spindle speed and with 

finer grinding parameters, the contact area between the diamond wheel and the 

machined workpiece surface can be seen as constant, which is similar to the single point 

diamond turning (SPDT). In the present study, a fine grits diamond wheel with a sharp 

edge is applied to machine the designed ‘water-drop’ surface by single point diamond 

grinding. The grinding process is conducted in a parallel mode by the linkage 

movement of the X and Z axes, with the diamond wheel fed from the side of the part to 

the center along X axis. To ensure that the sharp edge of the diamond wheel participates 

in the material removal and surface generation process, the diamond wheel is moved 

with a gradient tilted angle by integrating B axis rotation to adjust the relative position 

of the diamond wheel and workpiece surface, as illustrated in Fig. 2.  



 

Fig. 2 Illustration of the grinding methodology 

To ensure the grinding efficiency and the quality of the machined surface (both 

surface roughness and form accuracy), the grinding process is divided into three stages: 

rough grinding, fine grinding and ultra-fine grinding. The flow chart of the grinding 

process is shown in Fig. 3. Furthermore, the on-machine measurement and tool path 

compensation are performed to obtain better form accuracy. Specifically, compensation 

of the tool path is undertaken with the obtained error data by the on-machine LVDT 

probe, and a new tool path is generated accordingly. 
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Fig. 3 A flow chart to illustrate the grinding protocol of ‘water-drop’ surface 

3. Experiments 

3.1 Materials and machining 

Commercially available binderless WC of 22 mm in diameter (DIJET 

INDUSTRIAL CO., LTD) was machined on an ultra-precision machine (Moore 

Nanotech 450UPL, USA), equipped with an on-machine measuring probe. Photographs 

of the grinding setup are shown in Fig. 4. The detailed properties of the binderless WC 

is listed in Table 1. In this study, a resin bonded diamond wheel of 1500# grit size and 

16 mm in diameter with a carbide mandrel (Diagrind, Inc., USA) was chosen for 



grinding. The ratio of the volume of the diamond grits to the volume of bond in the 

grinding wheel is 100%, and the wheel was fabricated with a 60°sharp edge.  

 

Fig. 4 Photographs of the grinding setup 

Table 1 Mechanical properties of binderless WC material 

Elastic modulus E (GPa) 680 

Vikers hardness H (GPa) 26.37 

Fracture toughness KIC (MPa m1/2) 5.292 

Density ρ (g/cm3) 15.5 

Size of workpiece (mm) Ф22×5 

3.2 Characterization and measurement 

A 3D optical measuring system (Alicona IFM G4) was used to examine the profile 

of the diamond wheel after grinding, and a scanning electron microscope (SEM, Hitachi 

TM3000) was applied to identify the worn mechanism of the diamond wheel. The 

surface roughness and the cross-sectional profile of the machined ‘water-drop’ surface 

was measured and analyzed by a Nexview 3D profiler (ZygoLamda) and an atomic 

force microscope (Park's XE-70). In addition, an on-machine LVDT probe and optical 

CCD were utilized to measure the form accuracy of the ground surface and to examine 

the macro wheel wear, respectively. 

4. Results and discussion 



4.1 Diamond wheel wear and dressing 

In the ultra-precision grinding process, the wear of the diamond wheel results in a 

dulling of the abrasive grits and a size deviation of the wheel, which reduces the 

grinding efficiency and has a great impact on the surface integrity and form accuracy 

of the workpiece [15, 21]. Therefore, corresponding conditioning of the wheel is 

essential. “Grinding is dressing” is a well-known slogan in the grinding field [15], 

which indicates the extreme importance of dressing the wheels before and during the 

grinding process. Therefore, to find an appropriate method to align and dress the 

diamond wheel effectively is the primary task before the machining of the structural 

surface [12, 13, 22]. In addition, the wear mechanism needs to be explored. 

Table 2 Detail dressing parameters for the 1500# diamond wheel 

Dressing Diamond nib/Al2O3 stick 

 Feed rate (mm/min) 0.5 

 Depth of dressing (μm/pass) 5 

 Truer (rpm) 300 

 Wheel (rpm) 2,000 

Coolant CLAIRSOL 350 MQL 

In this work, to achieve a sharp edge on the 1500# diamond wheel, a diamond nib 

was firstly used to true it, and then an Al2O3 stick was applied to dress the edge to obtain 

an arc shape and make the abrasive grits protrude above the resin bond, as illustrated in 

Fig. 5. The diamond nib is of a cone shape with a 60° apex angle. The face of the cubic 

Al2O3 stick is in a size of 13×13 mm. After a series of wheel dressing experiments, a 

spherical surface of 8 mm in radius formed in the face. 



 

Fig. 5 Illustration of the truing and dressing schematic diagram 

The detail wheel truing/dressing parameters are listed in Table 2, and the setup is 

shown in Fig. 6. Firstly, the choice of the truing and dressing depth is a critical factor 

that determines whether the required shape of the diamond wheel could be achieved. It 

was found that when the dressing depth was less than 1/2 the average size of the 

diamond grits, the diamond nib was ground by the wheel, and the wheel could not be 

trued effectively. With the gradual increase of the dressing depth, it was found that only 

at a dressing depth more than 2/3 of the average diamond grits diameter, could the wheel 

be effectively trued by the diamond nib. However, if the dressing depth was chosen to 

be several times of the average size of the diamond grits, the diamond wheel were not 

used effectively. Therefore, to improve the service life of the diamond nib and the 

diamond wheel, the truing and dressing depth was chosen to be 5 μm, which is at the 

same level as the diameter of the diamond grits. In addition, the grinding spindle speed 

was selected to be 2,000 RPM to avoid the impact of relative vibration or chattering 

between the diamond wheel and the truer or dresser, which could result in breakage of 



the sharp edge. The SEM image of the edge profile after truing/dressing is shown in 

Fig. 7, and indicates that the diamond wheel could be well prepared by the proposed 

method. 

 

Fig. 6 Truing and dressing of the 1500# diamond wheel: (a) truing by the diamond 

nib; (b) dressing by the Al2O3 stick 

 

Fig. 7 SEM image of the sharp edge of the diamond wheel after dressing 

The obtained sharp edge of the 1500# diamond wheel was measured by the on-

machine optical CCD, and is shown in Fig. 8(a). During the ultra-fine grinding stage, 

the size of the wheel changed after the dressing of the diamond wheel, so several passes 

of grinding at a cutting depth of 0.5 μm and a feed rate of 0.5 mm/min were firstly 

performed to adjust the wheel so as to be in contact with the workpiece surface. Then, 



after 8 grinding passes at a cutting depth of 0.1 μm and feed rate of 0.1 mm/min, the 

wheel edge was measured, as shown in Fig. 8(b). Similar to the machining of the 

hemispherical surfaces in our previous study [17], the rapid loss of the sharp edge 

appeared during single point diamond grinding of ‘water-drop’ surface. Therefore, re-

dressing of the diamond wheel and compensation of the tool path is of great importance 

for achieving better surface quality.  

 

Fig. 8 The measured edge profile of the 1500# diamond wheel after dressing and 

grinding: (a) after dressing; (b) after grinding 

To get a further insight into the diamond wheel wear mechanism, the surface 

profile and surface morphology of the 1500# diamond wheel is shown in Fig. 9. It can 

be readily seen that the width of the sharp edge for the diamond wheel after grinding, 

as shown in Fig. 9(a) and (b), turned to be about 40 μm, which is defined as macro-

wheel wear. Besides, the micro wheel wear is involved in diamond grits flattening, 

grooving and splintering, as shown in Fig. 9(c) and (d). The grinding chips and 

generated powder (bright region) can also be found on the worn wheel edge, which can 

result in the diamond wheel blockage.  



 

Fig. 9 Surface profile and morphology of the diamond wheel after grinding 

4.2 Grinding of ‘water-drop’ surface 

The detailed grinding parameters are listed in Table 3. Fig. 10 shows the form 

accuracy of the machined ‘water-drop’ surface measured by the on-machine LVDT 

probe before and after compensation. It can be seen that the form accuracy was 1.399 

μm (PV) in a measuring range of 20 mm before the compensation. Actually, the main 

error of the part mainly appeared around the center at a radial distance of 2 mm, where 

the removed material volume was the maximum due to the combined effects of 

vibration and higher overlapping ratio of the grinding points [23, 24]. Specifically, the 

form error dropped rapidly from the radial distance of 2 mm to the center, and an even 

linear relation between the measured error data and the radial distance was found, 

indicated by the blue dotted line, which can be described as follows: 

bkxz +=3                              (4) 



To improve the form accuracy of the machined ‘water-drop’ surface, the linear relation 

was used to compensate the tool path at the center to improve the form accuracy.  

Table 3 Detailed grinding parameters  

Grinding 1500# diamond wheel Diam. 16 mm, resin bonded 

 Concentration 100% 

 Wheel RPM ns (rpm) 20,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 3-0.5-0.1 

 Depth of grinding ae (μm/pass) 2-0.5-0.1 

Coolant CLAIRSOL 350 MQL 

 

Fig. 10 On-machine measured form accuracy of the machined ‘water-drop’ surface 

before and after tool path compensation 

In addition, it was found that the form error from the radial distance of 2 mm to 

the very center is negative, which means that the volume of the removed material is 

greater than the theoretical volume. Therefore, the tool path should be compensated by 

adding the absolute data to the tool path at the center, which can be described as: 
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As illustrated in Fig. 11, the new tool path indicated that actually the diamond wheel 

was lifted gradually to reduce the material removal volume at the center region. As 

shown in Fig. 10(b), it can be readily seen that the form accuracy of the machined 

‘water-drop’ surface after compensation is clearly improved to be 0.64 μm (PV), and 



the center dent could be significantly alleviated. 

 

Fig. 11 Illustration of the compensated tool path at center 

The cross sectional profile, surface topography and surface roughness obtained by 

best-fit form removal are shown in Fig. 12. The surface topography after the form 

removal of the machined “water-drop” surface indicates that the surface roughness (Sa) 

reaches about 6 nm, lower than 10 nm. Based on previous studies [25-27], the non-

uniform surface finish could result from the various material removal rates at different 

radial positions of a certain workpiece for plane grinding, as the grinding wheel 

traversed towards the center, where the surface roughness was supposed to drop with 

decreasing radial distance according to Eqs. (6) and (7) [27, 28].  
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where R1 and x are two constants depending on the experiment, vw is the workpiece 

speed, vs is the wheel speed, hmax is the max unformed chip thickness, C is the surface 



grit density, r is the ratio of chip width to average undeformed chip thickness, ae is the 

grinding depth, and dse is the equivalent diameter of the wheel. Nevertheless, it was 

found that the surface finish for position A (Sa=6 nm) was a little higher than position 

B (Sa=5 nm). As reported by Chen et al. [29], the effect of hmax on the surface finish was 

marginal compared to the grinding trace spacing (GTS) in grinding tungsten carbide. 

Here, we propose that not only the trace spacing, but also the density of the grinding 

trace (DGT) has an influence on the measured surface roughness, and can be expressed 

as follows: 
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where Nt is the total number of grinding grooves and Wm is the imaging width for 

measurement. In the present work, during the measurement of the surface topography 

by white light interferometry, the width for imaging is constant at a specific 

magnification. So the length of the machined curve imaged is higher at a sharper 

position for data collection by moving the optical lens along the Z direction. Then, the 

density of the grinding groove is higher after the removal of the form by Gaussian best-

fit rule, resulting in a rougher surface, as shown in Fig. 12(d) and (f).  



 

Fig. 12 (a) and (b) Cross-sectional profile and 3D surface topography of the machined 

‘water-drop’ surface; (c) and (d) surface topography and roughness after best-fit form 

removal of an area 2.5 mm from workpiece center; (e) and (f) surface topography and 

roughness after best-fit form removal of an area 5 mm from the workpiece center 

To get further insight, the surface topography of the machined surface at 5 mm 

from center was also measured by AFM, as shown in Fig. 13. The result shows that the 

surface is covered by the grinding grooves of the diamond wheel, and no obvious 

defects were caused by the grinding process. In addition, the surface roughness further 



confirmed that the surface roughness is lower than 10 nm. A mirror surface quality for 

the machined ‘water-drop’ surface could be achieved, and a photograph of the machined 

‘water-drop’ surface is shown in Fig. 14. 

 

Fig. 13 Surface topography of the machined ‘water-drop’ surface measured by AFM 

 

Fig. 14 Photograph of the machined ‘water-drop’ surface 

5. Conclusions 

In the present work, the designed ‘water-drop’ surface was precisely machined by 

single point diamond grinding with the proposed grinding protocol. Before and during 

the grinding process, the diamond wheel could be well trued by a combination of the 

diamond nib and Al2O3 stick to obtain a sharp grinding edge to prevent interference 



between the wheel and the machined surface. However, there was a loss of the sharp 

edge as the macro wheel wear, and the micro wheel wear involved in grits flattening, 

grooving and splintering. Moreover, it was found that the main form error for the 

machined “water-drop” surface appeared at the center of the workpiece, and the 

proposed linear compensation method from the radial distance of 2 mm contributed to 

the alleviation of the center dent, with the form accuracy (PV) improved to be 0.64 μm. 

In addition, a mirror surface quality could be obtained with a surface roughness (Sa) of 

about 6 nm. 
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