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Abstract: The machinability of brittle materials is strongly dependent on machining conditions. In
the present work, we perform ultra-precision single point diamond turning experiments of
monocrystalline Si(100) using diamond cutting tools. The machined surface quality is characterized
by evaluating surface topography and surface integrity. Systematic investigation of cutting
parameters dependence of machining results is performed by considering rake angle of cutting tool,
depth of cut and spindle speed. Experimental results suggest an optimized combination of cutting
parameters for the best surface quality of Si(100) by diamond turning.
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1. Introduction

Silicon (Si) as an important semiconductor material has been widely used for electronic devices
manufacturing, due to its excellent physical and mechanical properties. Achieving ultra-smooth
surface is important for the performance of Si-based devices, thus various kinds of manufacturing
techniques have been proposed. In particular, ultra-precision single point diamond turning (SPDT)
has been demonstrated as an effective method for the optical manufacturing of silicon for its
achievable high form accuracy, low subsurface damage and high surface integrity.

While Si is known as a typical brittle material, the ductile mode cutting is critical for achieving
high machinability of the material. Two types of strategies are considered for the ductile mode
cutting of Si. One is revealing the brittle-to-ductile (BTD) transition of Si in taper cutting trials,
which derives the critical depth of cut (DOC) that will be used as a critical cutting parameter in
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following turning processes [1-5]. The other is the modification of Si surface by various pre-treating
methods, such as ion implanting, which increase the ductile machinability of Si [6-10]. In spite of
above strategies, the machinability of Si also greatly depends on the extrinsic cutting parameters, in
addition to intrinsic parameter such as crystallography orientation [11-15].

Therefore, in the present work we perform face turning experiments of Si using diamond tools.
The influence of cutting parameters, such as rake angle of cutting tool, DOC and spindle speed, on
cutting results in terms of machined surface topography and surface roughness is studied.

2. Experimental setup

Diamond cutting experiments are performed in the home-made ultra-precision CNC diamond
turning lathe, as shown in Figure la. The lathe is jointly developed by Center for Precision
Engineering, Harbin Institute of Technology and Research Center of Laser Fusion, China Academy
of Engineering Physics. Table 1 lists the exact specifications of the lathe.

(@) (b)

Figure 1. Configuration of diamond turning of monocrystalline Si. (a) Experimental
setup; (b) clamping apparatus.

The utilized specimen of monocrystalline Si has a crystallographic orientation of (010). The
specimen has a dimension of 5 mm in length, 5 mm in width and 0.5 mm in thickness. Table 2 lists
the specific parameters of the specimen. As illustrated in Figure 1b, four decentered pieces of Si
specimen are placed on the aluminum alloy substrate with a thickness of 15 mm and a radius of
100 mm.

Single crystalline diamond cutting tools are used in the ultra-precision turning experiments. The
cutting tool has a clearance angle of 7< a cutting edge radius of 100 nm and a nose radius of 0.2 mm.
To investigate the influence of rake angle, four rake angles as 0< —15< —30<and —45 “are considered.
Table 3 lists the cutting parameters utilized in the face turning experiments, which shows that four
spindle speeds and five DOCs are considered. After the turning experiments, the machined surface is
characterized by scanning electron microscope (SEM) and white light interferometer, which
respectively provides machined surface topography and surface roughness. The diameter of
measuring area by the white light interferometer is 100 pm.
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Table 1. Specifications of home-made ultra-precision diamond turning lathe.

Parameter Value

Maximum spindle speed (rpm) 5000

Rotation accuracy (pum) 0.05

Slide stroke (mm) X/Z:200/200
Straightness (um) 0.2 pm@full stroke
Positioning accuracy (um) 1

Repositioning accuracy (um) 0.2

Minimum Increment Amount of X- and Z-axis (hm) 10

Form accuracy PV-0.15
Roughness Rg-10

Table 2. Specifications of Si specimen.

Parameter Value
Crystal orientation (100)
Doping P-doped
Resistivity (Q-cm) 0.5~2
Dimension (mm) 5,5and 0.5

Table 3. Configurations of cutting parameters.

Parameter Value

Tool rake angle 05 -15<-30< —45°
Spindle speed (rpm) 1000, 2000, 3000, 4000
Depth of cut (um) 0.1,0.2,0.3,05,1.0

3. Results and discussion
3.1. Effect of rake angle

The effect of rake angle of cutting tool on the cutting results of Si(100) is firstly carried out.
Four rake angles, as 0 —15< —30<and —45< respectively, are employed. For each rake angle, the
other cutting parameters are the same: the DOC is 0.2 pum, the spindle speed is 4000 rpm and the
feed rate is 1.5 pm/r.

Figure 2 presents SEM images of Si(100) surface after diamond turning using different rake
angles, which show that an ultra-smooth surface is obtained for the rake angle of 0< It should be
noted that the SEM image with a higher magnification is hindered by the focusing difficulty due to
extreme super finish surface. Specifically, only sporadic defects caused by material crushing are
formed on the machined surface for the rake angle of 0< However, the defects become more
pronounced for lower value of rake angle, which leads to deterioration of machined surface integrity.
In particular for the rake angle of —45< there are considerable residual chip burrs formed on the
machined surface due to uncompleted material removal, indicating a dominant brittle mode cutting.
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Figure 2. SEM images of machined surface after diamond turning using different rake
angles. Rake angle: (a) 0< (b) —15< (c) —30< (d) —45<

Accordingly, Figure 3 presents images of Si(100) characterized by white light interferometer,
which show that there are residual tool marks observed on machined surface for each rake angle.
However, the residual tool marks become more pronounced for a lower rake angle. Specifically,
Figure 3 shows that the medium and high frequency components in residual tool marks increase with
decreasing rake angle, which leads to deterioration of surface flatness accompanied with the presence
of cracks.

Figure 4 plots variations of surface roughness with utilized rake angle. For each rake angle, two
measurements are made, and error bars are also presented in Figure 4. The surface roughness is the
lowest as 5.9 nm for the largest rake angle of 0< With a decrease of rake angle, Figure 4 shows that
the surface roughness first increases to 9.5 nm at a rake angle of —15< and then decreases to 8.0 nm
at a rake angle of —30< With a further decrease of rake angle to —45< the surface roughness greatly
increases to 18 nm. Therefore, it is suggested that the machined surface quality deteriorates with
decreasing rake angle of cutting tool. The best machined surface quality can be achieved with a rake
angle of 0< The utilization of a negative rake angle less than —30 “facilitates the formation of local
compressive hydrostatic pressure at the cutting zone, accompanied with the increase of shear plane
length. However, the further decrease of rake angle into —45<leads to decrease of shear plane length
and decrease of local compressive hydrostatic pressure at the cutting zone [16].

AIMS Materials Science Volume 6, Issue 5, 635-645.



639

(2)

« 3 BF R Y F B 8 3

H

© @

Figure 3. Topographies of machined surface characterized by white light interferometer.
Rake angle: (a) 0< (b) —15< (c) —30< (d) —45<
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Figure 4. Achieved surface roughness of machined Si(100) surface for different rake angles.
3.2. Effect of DOC

The effect of DOC on the cutting results of Si is carried out. Five DOCs, as 0.1, 0.2, 0.3, 0.5 and
1.0 um, are considered. For each DOC, the other cutting parameters are the same: the rake angle is 0<
the spindle speed is 4000 rpm and the feed rate is 1.5 pm/r.

Figure 5 presents SEM images of Si surface after diamond turning using different DOCs, which
shows that the DOC has a strong influence on the machined surface topography. As compared to the
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Figure 2a with a DOC of 0.2 um, the machined surface quality is lower for the other four DOCs. For
the DOC of 0.1 um, local trivial cracks are observed on machined surface. However, there are
considerable residual chip burrs formed at the DOC of 0.3 pum. While the DOC increases to 0.5 um,
the local defect zones grow up to form areas with non-uniform shape. Figure 5d shows that the local
defects disappear at the DOC of 1 um, however, there are pronounced cracks formed on machined
surface.

Figure 5. SEM images of machined surface after diamond turning using different DOCs.
DOCs: (a) 0.1 um; (b) 0.3 um; (¢) 0.5 um; (d) 1.0 um.

Accordingly, Figure 6 presents images of Si(100) surface characterized by white light
interferometer, which show that there are considerable cracks observed on machined surface for each
DOC. Figure 6 shows that the residual tool mark is not dependent on the DOC. However, the
presence of surface cracks is more pronounced for a larger DOC. Figure 6 shows that with the
increase of DOC, the surface integrity greatly deteriorates accompanied with the presence of cracks.

Figure 7 plots variations of surface roughness with utilized DOCs. For each DOC, two
measurements are made, and error bars are also presented in Figure 7. Figure 7 demonstrates that
with the increase of DOC from 0.1 to 0.2 um, surface roughness decreases from 10.0 nm to 5.9 nm.
With a further increase of DOC, however, surface roughness increases with increasing DOC, and
reaches 15.0 nm at the DOC of 0.5 um. The surface roughness for the DOC of 1 um is lower than
that for the 0.5 um. Therefore, it is suggested that the best machined surface quality can be achieved
with a low DOC of 0.2 um.
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Figure 6. Topographies of machined surface characterized by white light interferometer.
DOCs: (a) 0.1; (b) 0.3; (c) 0.5; (d) 1.0 um.
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Figure 7. Achieved surface roughness of machined Si(100) surface for different DOCs.
3.3. Effect of spindle speed

To address the influence of cutting speed, cutting experiments with different spindle speeds are
carried out. Four spindle speeds, as 1000, 2000, 3000 and 4000 rpm, are employed. For each spindle
speed, the other cutting parameters are the same: the rake angle is 0< the DOC is 0.2 um and the
feed rate is 1.5 um/r.

Figure 8 presents SEM images of Si surface after diamond turning using different spindle
speeds, which shows that the spindle speed has a strongly influence on the machined surface
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topography. Figure 8 shows that the machined surface integrity is the best for a spindle speed of
2000 rpm than the other three spindle speeds, as there are less pronounced residual tool marks and
surface cracks formed. For the spindle speed of 1000 rpm, there are considerable cracks appeared on
machined surface, which consequently deteriorates the surface integrity. With the further increase of
spindle speed, there are more pronounced irregularly distributed local defects or cracks formed on
machined surface.

Figure 8. SEM images of machined surface after diamond turning using different spindle
speeds. Spindle speed: (a) 1000; (b) 2000; (c) 3000; (d) 4000 rpm.

Accordingly, Figure 9 presents images of Si(100) surface characterized by white light
interferometer, which shows that the machined surface has a high surface integrity with the absence
of surface cracks for each spindle speed. Furthermore, there are residual tool marks observed on
machined surface for each spindle speed. However, the residual tool marks are the least and the most
pronounced for the spindle speed of 2000 rpm and 4000 rpm, respectively. For the spindle speed of
1000 rpm, the residual tool marks are obvious and uniform, the local defects caused by the material
crushing are also identified. For the spindle speed of 2000 rpm, the residual tool marks are hard to
distinguish. For the spindle speed of 3000 rpm, the residual tool marks grow up, and the distribution
evenness reduces gradually. There are irregular grooves appeared on the machined surface, which
reduce the surface integrity. For the spindle speed of 4000 rpm, the residual tool marks grow up and
the distribution evenness reduces further.
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Figure 9. Topographies of machined surface characterized by white light interferometer.
Spindle speed: (a) 1000; (b) 2000; (c) 3000; (d) 4000 rpm.

Figure 10 plots variations of surface roughness with utilized spindle speeds. For each spindle
speed, two measurements are made, and error bars are also presented in Figure 10. Figure 10
demonstrates that with the increase of spindle speed from 1000 to 2000 rpm, surface roughness
decreases from 4.8 nm to 4.5 nm, which is the minimum surface roughness achievable. With a
further increase of spindle speed, however, surface roughness increases with increasing spindle speed,
and reaches the maximum value of 5.9 nm at a spindle speed of 4000 rpm. Therefore, it is suggested
that the best machined surface quality can be achieved with a spindle speed of 2000 rpm.
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Figure 10. Achieved surface roughness of machined Si(100) surface for different spindle
speeds.
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4. Conclusion

In summary, we perform ultra-precision diamond turning experiments of monocrystalline
silicon (100) to achieve an ultra-smooth machined surface, with an emphasis on the influence of
cutting parameters on machining results. Experimental results show that the topography and surface
integrity of machined surface can be greatly affected by the rake angle of cutting tool, the DOC and
the spindle speed. Specifically, an optimized combination of cutting parameters (a rake angle of 0< a
DOC of 0.2 um and a spindle speed of 2000 rpm) is discovered, which leads to the best machined
surface quality of Si(100) with a lowest surface roughness of 4.5 nm.
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