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ABSTRACT 

Experimentally revealing the nanometric deformation behavior of 3C-SiC is 

challenging due to its ultra-small feature size for brittle-to-ductile transition. In the 

present work, we elucidated the nanometric cutting mechanisms of 3C-SiC by 

performing in-situ nanometric cutting experiments under scanning electron 

microscope (SEM), as well as post-characterization by electron back-scattered 

diffraction (EBSD) and transmission electron microscopy (TEM). In particular, a new 

method based on the combination of image processing technology and SEM online 

observation was proposed to achieve in-situ measurement of cutting force with an 

uncertainty less than 1 mN. Furthermore, the cutting cross-section was characterized 

by atomic force microscope (AFM) to access the specific cutting energy. The results 

revealed that the specific cutting energy increase non-linearly with the decrease of 

cutting depth due to the size effect of cutting tool in nanometric cutting. The 

high-pressure phase transformation (HPPT) may play the major role in 3C-SiC ductile 

machining under the parameters of this experiment.  
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1. Introduction 

Silicon carbide (SiC) as a ceramic with outstanding mechanical and physical 

properties [1] has been recognized as a potential candidate material in future nuclear 

fusion reactors [2], petrochemical industries [3], large-scale quantum computing 

applications [4], laser devices [5] and space-based laser mirrors [6]. Among 

approximately 200 polytypes of SiC found at atmospheric pressure [7], 3C-SiC, as a 

cubic polytype (zinc blende structured) SiC, possesses the best stiffness to weight 

ratios, wear and corrosion resistance [8]. Thus, 3C-SiC is suitable in the fabrication of 

semiconductor and optical devices for extreme environments. However, 3C-SiC 

exhibits poor machinability due to its hard and brittle characteristics [9].  
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The single point diamond turning (SPDT) has been proven as an efficient 

machining method for achieving ultra-smooth surfaces of brittle materials [10,11]. 

SPDT enables brittle materials to be machined in ductile mode [12,13]. Many 

researches were conducted to investigate the ductile deformation mechanisms of 

3C-SiC such as pressure loading [14,15], nanoindentation [16-18], nanoscratching 

[19,20] and nanometric cutting [21,22]. These studies have greatly increased the 

understanding of the ductile removal regime machining of cubic silicon carbide, but 

there still exist incongruence. For instance, Noreyan et al. [17] confirmed that the 

plastic behavior is related to the phase transition from the cubic zinc blende structure 

to the rocksalt structure under the indenter tip, which is in reasonable agreement with 

3C-SiC pressure loading studies [14,15]. While Szlufarska et al. [16] attributed the 

plastic behavior to dislocation nucleation and propagation without any high-pressure 

phase transformation. Whereas Zhao et al. [18] pointed out that shear slip is the 

predominant deformation mechanism in 3C-SiC during indentation. Tang [19] 

attributed the ductility of 3C-SiC to shear instability induced amorphization. However, 

Goel et al. [21] claimed that the sp3-sp2 disorder transition causes the ductile response 

during the nanometric cutting process of 3C-SiC and 3C-SiC wears in a ductile 

manner by means of dislocation plasticity was considered by Szlufarska et al. [22]. 

However, the extant literature concerning nanometric cutting of SiC is seen to 

focus on simulation studies [21-31] and nanometric cutting experiments [32-34] are 

rarely reported due to its ultra-small feature size. It is of vital importance to carry out 

nanometric cutting experiments with high resolution characterization of 3C-SiC for 

the verification of simulation studies and the understanding of nanocutting mechanism 

of 3C-SiC. 

Thus, cutting experiments were conducted by a nanometric cutting platform 

under high vacuum conditions in SEM/FIB dual beam system designed by Fang et al. 

[35] to provide accurate nanocutting motions with high resolution online observation. 

But due to the limit of the space and environment within the SEM vacuum chamber, 

the cutting force as an important parameter in revealing the interaction process of the 

cutting tools and the material can’t be detected in traditional ways. In this study, a new 

method for detecting cutting force by image processing technique was studied. 

Specific cutting energy was analysed combined with the cutting cross-section 

information characterized by AFM. Then EBSD and TEM were used to characterized 

possible phase transitions and dislocation movements in nanometric cutting. The 

EBSD and TEM results were further analyzed combined with cutting force and 

specific cutting energy results to investigate the material ductile removal mechanism 

of 3C-SiC in nanometric diamond cutting. 

 

2. Experimental approaches  

2.1 Experimental setup 

In-situ nanocutting experiments of single crystal 3C-SiC were conducted using a 

nanometric cutting stage integrated in SEM designed by Fang et al., as illustrated in 

Fig. 1 (a) [35]. The nanocutting stage is placed directly below the SEM pole piece. 

Aiming at observing the material removal behavior more intuitively and obtain a flat 



machined surface in the nanometric cutting tests, a single crystal diamond cutting tool 

with a straight cutting-edge length of 9 μm, as shown in Fig. 1 (b), was fabricated by 

focused ion beam (FIB) direct writing method [36] to perform the cutting experiments. 

The cutting experiments were conducted on the surface of 3C-SiC (100) with 99.90% 

EBSD pattern indexing rate as shown in Fig. 1 (c). In order to obtain the online 

observation of the nanocutting process for the cutting force measurement, the cutting 

speed of approximately 117 nm/s was adopted. 

 

2.2 Measurement of the cutting force 

2.2.1 Principle of the cutting force measurement method 

The cutting tool mounted on the tool shank via conductive silver glue were 

driven by a nanometric precision motion stage. The cutting tool moves horizontally 

during cutting process under SEM observation, which is shown in Fig. 2 (a). During 

the cutting process, the force condition of the cutting tool and tool shank can be 

deemed as a cantilever beam as illustrated in Fig. 2 (b). According to material 

mechanics, during nanometric cutting process, the cutting force (F) will cause 

deflection (y) at the force bearing point as shown in Fig. 2 (b). Therefore, this study 

proposes a new method of cutting force measurement, which combines the online 

observation function of SEM and image processing technology to detect the tiny 

nanometer deflection generated in nanometric cutting and then educe the cutting force. 

In this study, the SEM is applied to dynamic quantitative measurement of tiny 

physical quantities, which has not been applied in previous studies. The specific 

method steps were shown in Fig. 3. 

The video of the tool idle running process and cutting process were recorded by 

SEM, and the trajectory of the cutting tool were extracted by image processing 

technique. The deflection information during cutting process was obtained by 

subtracting the idle running trajectory from the cutting process trajectory. Through the 

tool shank stiffness calibration experiment, the cutting force during nanometric 

cutting process under the corresponding deflection were educed to realize the 

measurement of the cutting force. 

 

2.2.2 SEM imaging mechanism 

In this study, image processing technology was used to process the video of the 

nanocutting process recorded by SEM to measure the cutting force. However, image 

processing technique is usually used for optical imaging systems. Applications in 

SEM imaging are rarely reported. The imaging mechanism of SEM is completely 

different from that of traditional optical systems. Therefore, the feasibility of image 

processing technology applied to SEM imaging needs to be studied. It is of great 

significance to investigate the SEM imaging mechanism and propose image 

processing technology methods suitable for SEM imaging. Fig. 4 is the schematic 

illustration of SEM scanning trajectory. The electron beam is controlled to scan the 

sample in certain path to interact with samples and generate secondary electrons, 

which are received by the SEM detector to generate images. The time to scan an 

image is determined by the dwell time of electron beam and the image resolution. The 



dwell time and image resolution were chosen to be 100 ns and 1024×884 

respectively to provide as much information of cutting process as possible while 

ensuring the signal-noise ratio (SNR). Under this condition, the frame time that SEM 

scan and generate an image is approximately 0.095 s. The frame rate of the video 

generated by the SEM recording function is 100 frames per second. Through 

frame-by-frame analysis of the SEM generated video, it is found that the image is 

updated approximately every 20 frames (0.20 s). The number of frames where the 

image was updated in the video recorded by SEM and the time interval were shown in 

Fig. 5. The update interval for most images is 0.20 s, this indicated that in the SEM 

generated video, the images of the video would be updated about every two scans, and 

this image can used until the next image was updated. Therefore, the sampling point 

for detecting cutting force by image process technique should be the point where the 

picture in SEM recorded video is updated, and the time resolution is about 0.20 s. 

Additionally, about every 900 frames, the time interval at which the video image is 

updated would become 0.19 s or 0.21 s, as shown in Fig. 5. This phenomenon may 

cause by the cumulative error and the electron beam blanking time. Therefore, based 

on the results of the SEM imaging mechanism, the frame where the image was 

updated in the SEM recorded video should be selected for the cutting force 

measurement. However, it should be noted that although the smaller the dwell time, 

the more measurement data can be obtained, it would also lead to the decrease of 

imaging SNR, which would lead to the decrease of measurement accuracy. 

 

2.2.3 Detection of cutting tool movement status 

In this study, the deflection change of the cutting tool is obtained by detection the 

trajectory of the cutting tool and then the cutting force was educed combined with tool 

shank stiffness calibration results. Therefore, the detection of the tool trajectory by image 

processing technology and the stiffness calibration of the tool shank are vital to the 

accuracy of cutting force measurement. Prior to nanocutting, platinum line was deposited 

on the cutting tool to provide a mark with contrast for cutting tool trajectory detection as 

shown in Fig. 6 (a). Then cutting experiment and tool idle running experiment were 

conducted and the process were recorded by SEM. The video is divided into frames to 

extract the updated image in the video for cutting tool’s position detection. Pretreatments 

(Guasfilter and Medfilter) was conducted to improve the SNR of the image. Then OTSU 

method was used for threshold segmentation of areas interest with platinum line 

information shows in Fig. 6 (b). For the OTSU method is more applicable for such 

pictures that the object and background are single and different [37]. Then binarize the 

image based on the threshold calculated by OTSU method to extract the platinum line’s 

information as shown in Fig. 6 (c). Subsequently, the platinum line’s information was 

fitted to a vertical line as tool position information as shown in Fig. 6 (d). The position of 

the fitted line obeys the criterion of least square method, for it can minimize the sum of 

squares of errors of all the pixels of the platinum line’s information. The position of 

cutting tool during idle running and cutting process were extracted by this method to 

calculate the deflection during nanometric cutting process by substrate the idle 

running position curve from cutting process position curve. Pixel calibration was 



performed, as shown in Fig. 6 (e), to transform the unit of deflection from pixel to 

nanometer. In this experiment, in order to obtain the entire cutting process with 7 μm 

travel range, the SEM magnification is set to be 30000×. The scale of 3 micrometers 

under this magnification is composed of 361 pixels. The final pixel calibration result 

is about 8.31nm per pixel. At length, as Fig. 6 (f) shows, the stiffness calibration 

experiment of the tool shank was conducted with a force sensor (Kistler Type 9207) 

and a displacement sensor (XSI 3000 LVDT) to educe the cutting force combined 

with the deflection measured by image processing technique. The force sensor was 

clamped and moved toward the tool shank by a displacement platform. The deflection 

of the tool shank was measured by the displacement sensor, the deflections 

information of the tool shank under different loading forces were recorded. The 

results of the tool shank stiffness calibration were listed in Table 1 and the average 

value K=ΔF/Δl=0.390 N/μm was used for the cutting force calculation. The standard 

uncertainty of this average stiffness calibration result is 0.012 N/μm, which is 

evaluated by Bessel formula: 
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Additionally, the resolution of the force sensor (FS) and displacement sensor (DS) 

will also lead uncertainty to the stiffness calibration results. The maximum relative 

uncertainty in the measurement range of this study is ur(FS)=0.82% and 

ur(DS)=0.31%, respectively. 

 

2.3 Measurement methodology of the specific cutting energy 

Specific cutting energy can be determined by taking the radio of cutting force to 

the area of cutting area, adopted from Huo and Cheng [38]. On the premise of 

neglecting the elastic recovery after nanocutting, the interaction area between the 

cutting tool and the sample in nanocutting can be roughly measured by detecting the 

cross-section formed after nanometric cutting. The morphology of the cutting grooves 

was characterized by atomic force microscope (AFM) with Bruker MultiMode8. 

Combined with the results of the cutting tool displacement during cutting process 

measured by image processing technology, the position of the cutting tool interact 

with the sample at corresponding time is determined. The information of the 

interaction section between the cutting tool and the sample at corresponding time is 

extracted as shown in Fig. 7. In this study, as shown in Fig. 1 (b), the cutting edge 

length of the tool used for 3C-SiC nanometric cutting experiment is at the micrometer 

scale, while the cutting depth is at the nanometer scale. Therefore, the abscissa and 

ordinate of the cutting section after nanometric cutting of 3C-SiC adopt different 

scales in Fig. 7, which makes the cutting section shown in Fig. 7 is similar to the 

results of the nanoscratching results used nano-indentor. Actually, the morphology of 

the cutting section is a circular arc correspond with morphology of the flat nose 

diamond tool. Then the area of interaction between the tool and the sample is 

calculated for the measurement of specific cutting energy. In nanometric cutting, 



material would be plowed outside of the groove and the plowed material is piled up 

alongside the groove [39]. This provides convenience for determining the boundary of 

cutting section area.  

Fig. 8 shows the cutting width (effective cutting-edge length) and section area of 

machined surface with different cutting depths. As the cutting depth decrease in 

nanometer scale, the effective cutting-edge length has a micrometer scale decrease. 

However, the cutting tool used in this experiment is a flat nose diamond tool sharped 

by FIB, whose nose radius is till non-negligible in nanometric cutting. A slight change 

in cutting depth will result in a change in the effective cutting-edge length of the 

cutting tool. Correspondingly, the area of interaction between the cutting tool and the 

sample will increase non-linearly with the increase of cutting depth as shown in Fig. 6. 

It is foreseeable that this will greatly affect the specific cutting energy in nanometric 

cutting under different cutting depths. 

 

3. Results and discussions 

3.1 Morphology of the machined surface of 3C-SiC by on-line SEM observation 

Fig. 9 (a)-(f) shows the nanometric cutting results of 3C-SiC for different cutting 

depths. The cutting depth were measured by AFM. When the cutting depth was less 

than 21 nm, smooth surface was obtained. As the cutting depth increased to 39 nm, 

Figs. 9 (c)-(d), pits and cracks appeared on the machined surface, which indicated that 

fractures happened in 3C-SiC nanometric cutting. As the cutting depth further 

increased, Figs.9 (e)-(f), more typical forms of surface fractures occurred on the 

machined surface, indicating that the brittle regime gradually plays a major role [32]. 

 

3.2 Cutting tool trajectory detection and the standard uncertainty of the 

detection method 

3.2.1 The cutting tool trajectory detection results 

The accuracy of cutting tool trajectory detection results is of vital importance for  

the accuracy of cutting force measurement and following analysis combined with 

specific cutting energy. The trajectory detection results was shown in Fig. 10. In order 

to reveal the difference in different material removal regime, the tool movement status 

during idle running process and nanometric cutting process with cutting depth 21 nm, 

39 nm and 48 nm were detected. It can be clearly seen that the tools have gone 

through the process from stationary to moving at a certain speed and then to the end 

of motion, indicated that the method can detect the change of the static and moving 

state of the cutting tool effectively. Additionally, the time between the beginning and 

the end of the cutting tool movement in idle running and nanometric cutting process 

were both 5965 frames (59.65 s). It proves that the nanometric precision motion stage 

has excellent motion reproducibility.  

 

3.2.2 Uncertainty of the detection method 

In order to verify the reliability of the image processing technology for extracting 

the position of the cutting tool and evaluate its uncertainty, the cutting tool was placed 

statically under the SEM observation and the process was recorded. The position of 



the cutting tool was detected and the result was shown in Fig. 11. The standard 

uncertainty of position detection of the cutting tool by image processing technology is 

0.92 nm, which is evaluated by Bessel formula: 
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The deflection of the tool shank during nanometric cutting is calculated by 

subtracting the position of the cutting tool during idle running from the position of the 

tool during nanometric cutting process. The standard uncertainty of the deflection 

measurement should be the synthesis of the standard uncertainty of two measurements. 

Its form is as follows: 

     cuttingidlecuttingidle XuXuXXu 22                (3) 

The standard uncertainty of deflection detection is 1.30 nm. 

 

3.3 Cutting force measurement and its standard uncertainty 

3.3.1 Cutting force measurement results 

Fig. 12 shows the cutting force measurement results of 21 nm, 39 nm and 48 nm 

cutting depth. The forces increase as the cutting depth is increased, as expected. 

Furthermore, not only the cutting forces are an important indicator for the assessment 

of local machining conditions, the magnitude and variation in the cutting forces is also 

found to be of use to distinguish ductile-regime cut from brittle regime cut in brittle 

materials [40]. The 21 nm cut appears mostly ductile, the 39 nm and 48 nm cutting 

depth represents the brittle regime gradually plays a major role. As the cutting depth 

increased, the force fluctuations are also increased, which suggests more of a brittle 

cut [34]. As other cutting parameters unchanged, the increase of cutting depth leads to 

the increasing number of atoms acted by the tool, which need to overcome more 

binding force obviously [41]. According to fracture mechanics [42], the fracture 

energy is equivalent to the surface energy newly generated by the mechanical 

machining in case of a perfectly brittle material. The newly created surface and 

corresponding number of broken atomic bonds by brittle fracture is larger than that in 

ductile mode. More energy should be consumed in creating the larger new surfaces 

and for breaking more atomic bonds suddenly, and this makes the cutting force be 

dropped. In nanometric cutting, brittle fracture will produce pits with gradual 

thickness, which causes that after the pits are generated, the actual cutting depth will 

decrease and then gradually increase to the original cutting thickness. It means that 

the energy required for material removal should also gradually increase, which makes 

the cutting force accumulate and rise after falling. As shown in Fig. 9, the size and 

number of pits are larger with the cutting depth of 48 nm, corresponding to a longer 

time of energy accumulation after the formation of pits, and the fluctuation of cutting 

force is more severe. The size of the pits formed at 39 nm cutting depth is smaller 

than the 48 nm cutting depth, which means that the time of recovery to the original 

cutting depth is shorter after the pits are generated, and the energy required for 



material removal will be accumulated more quickly. The cutting force decreases 

suddenly and then rises rapidly, forming a sharp trough in the cutting force curve with 

39 nm cutting depth. In the experiment of nanometric cutting brittle materials [43], 

the chips formed in nanocutting have both amorphous and polycrystalline components, 

but the latter accounted for a very small proportion of the whole. Although under 

SEM observation, nanocutting at 21 nm cutting depth is embodied as plastic removal, 

very few materials may have some brittle fracture events. When the cutting depth is 

21 nm, the low cutting force may not be able to provide enough energy required for 

the brittle fracture event. The energy needs to be accumulated first, and then the 

energy release after the brittle fracture events corresponding to the reduction of 

cutting force. This may be the cause of the sharp peak in the cutting force curve at the 

cutting depth of 21 nm.  

 

3.3.2 Standard uncertainty of cutting force measurement 

In this study, the cutting force was calculated by the cutting deflection detected 

with image processing technology and the stiffness calibration results of the tool 

shank. Its form is as follows: 

  KXXF cuttingidle                         (4) 

where Xidle is the movement status information of the tool idle running, Xcutting is the 

movement status information of the tool during cutting process. K is the stiffness 

calibration results of the tool shank. 

Table 2 summarizes the main sources of uncertainty contribution to the 

uncertainty of cutting force (F). The uncertainty caused by deflection detection using 

image processing technology and the stiffness calibration of the tool shank had been 

calculated in section 2.2.3 and 3.2.2. According to the manufacturer of the 

nanocutting stage, the relative uncertainty of the repeat positioning accuracy ur(Xrepeat) 

is no more than 0.2% F.S.. 

The relative uncertainty of deflection detection by image processing technology 

were calculated using the average deflections under different cutting depths. The 

relative standard uncertainty of cutting force measurement under different cutting 

depths can thus be derived by the following equation: 
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The uncertainty of the cutting force measurement under different cutting depths 

were shown in Table 3. The cutting force values used in the uncertainty calculation 

were the average cutting force under different cutting depths. The standard 

uncertainty in the current cutting force measurement method does not exceed 1 mN. 

The detection of the deflection by image processing technology is the main factor 

affecting the uncertainty of cutting force measurement.  

 

3.4 Specific cutting energy measurement results 

On the basis of the cutting force measurement, the specific cutting energy with 

cutting depths of 21 nm, 39 nm and 48 nm were measured as shown in Fig. 13. In the 



cutting process where brittle removal regime gradually plays a major role (39 nm and 

48 nm cutting depth), the specific cutting energy fluctuates in a relatively low range, 

approximately 31 GPa and 34 GPa. During the plastic dominated cutting process (21 

nm cutting depth), the specific cutting energy is about 92 GPa, which is of good 

agreement with Noreyan’s study [20]. The value in Noreyan’s study was calculated as 

equal to the ratio of the average magnitude of the force applied in the scratching 

direction to the projected contact area.  

Some researchers have pointed out that to generate a ductile cutting through 

purely applied stress (hydrostatic and shear) required that the pressures at the 

workpiece-chip interface be equal to, or higher than, the hardness of the material [44], 

which is taken to be around 37 GPa for 3C-SiC [45]. Patten et al. also found that the 

ductile removal of silicon nitride is caused by high pressure phase transformation in 

the nanoindentation and grinding experiments, and the pressure is close to the 

hardness of the material [46]. Besides, similar phenomenon also appeared in 6H-SiC 

nanometric cutting [47]. In this study, with the cutting depth of 39 nm and 48 nm 

where the brittle removal regime gradually plays a major role, the pressure falls 

within the range expected to have brittle cutting of 3C-SiC, i.e. pressures less than 37 

GPa. Under 39 nm and 48 nm cutting depth, the pressure is still partly higher than 37 

GPa. This is because the 39 nm and 48 nm cut, while brittle cutting gradually 

dominates, but not pure brittle cutting, and there is also some plastic material removal. 

With the cutting depth of 21 nm, the non-negligible nose radius of the cutting tool 

leads the non-linear decrease of the cutting area. The specific cutting energy increases 

to more than 37 GPa (around 92 GPa), indicates that the material is removed being 

predominantly ductile. Similarly, the presence of high hydrostatic stress was found in 

nanometric cutting of 6H-SiC, which is about 88.2GPa [48]. 

In this study, the morphology of the machined surface is used to calculate the 

cutting area. The error caused by elastic recovery and brittle pits is not taken into 

considered. This will cause the calculated cutting area to increase or decrease relative 

to the actual cutting area. However, it would not affect the tendency of the cutting 

area to decrease greatly due to the decrease of the cutting depth, leading to the 

increase of the specific cutting energy. That means high pressure would be applied to 

the material during nanometric cutting process under low cutting depth. Similar 

phenomenon that the non-linear increase of the specific cutting energy occurs with the 

cutting depth decrease where the tool edge radius becomes comparable to the cutting 

depth were also reported in other researches [49-51]. Further analysis combined with 

phase identification and dislocation will be explained in Section 3.5. 

 

3.5 Phase identification and dislocation analysis 

To detect the possible structural transformations in the nanometric cutting, EBSD 

characterizations with an accelerating voltage of 20 kV and a beam current of 2.4 nA 

were conducted across the machined and unmachined regions as shown in Fig. 14. 

Significant differences can be observed from the phase identification and 

distribution for the machined and unmachined regions. In the machined regions no 

backscatter Kikuchi patterns was found in almost all areas, indicating most of the 



machined materials are amorphous after nanometric cutting. In the regions alongside 

the cutting grooves, the material’s EBSD pattern indexing rate is reduced compared 

with the EBSD result before nanocutting shown in Fig. 1 (c). It is speculated that a 

small amount of materials alongside the cutting grooves undergone amorphization due 

to the extrusion of the cutting tool [52]. Additionally, there is a very small amount of 

2H and 4H phase transitions after nanometric cutting. Similar phase transition result 

also had been reported in 6H-SiC nanocutting [32].  

In order to explore the degree of amorphization of materials and whether 

dislocation movements occur at different cutting depth, TEM samples were prepared 

at 21 nm, 39 nm and 48 nm cutting depth as shown in Fig. 15. When the cutting depth 

is 21 nm, smooth surface was obtained with an amorphous layer about 13 nm. Under 

39 nm cutting depth, the amorphous layer decreased to about 5 nm. When the cutting 

depth is 48 nm, the amorphous layer is substantially invisible, only amorphous region 

distributed inside the crystal region. Dislocations had not been found in the TEM 

sample. During the plastic dominated cutting process (21 nm depth of cut), the 

specific cutting energy fluctuates at about 92 GPa, which is much larger than that of 

brittle removal regime gradually plays a major role (39 nm and 48 nm depth of cut). 

the nanoscrathing simulation study also shows that 3C-SiC will undergone amorphous 

under 89 GPa [20].  

As the cutting depth decrease, the amorphous phase transformation of atoms in 

metamorphic layer aggravated. The occurrence of a high-pressure phase 

transformation of semiconductors and ceramics is often characterized by the 

amorphous remnant that exists, on the surface and within the chip, after processing. 

This amorphous remnant is a result of a back transformation from the high-pressure 

phase to an atmospheric pressure phase due to the rapid release of the pressure in the 

wake of the cutting tool. The high-pressure phase only exists while the pressure is 

applied. When the pressure is relieved, the material reverts to another phase [53]. In 

this study, a straight edge diamond tool sharped by FIB were used for nanometric 

cutting, but the nose radius is still non-negligible. As the cutting depth decrease, the 

cutting force and the cutting area both decrease, but the downward trend of the cutting 

area is more intense, which results in a larger specific cutting energy at a low cutting 

depth. Additionally, regardless of the nominal rake angle, either it is positive, negative, 

or 0°, the effective rake angle is always negative [52], which is known to increase the 

cutting and thrust forces due to the conditions of high hydrostatic pressure generated 

immediately underneath the cutting tool, which also promotes a ductile cut. It is 

believed that the plastic nature attributed to the ductile machining is a result of the 

material undergoing a high-pressure phase transformation to the metallic state in 

which the deformation occurs. It is believed that the high-pressure phase transform 

plays the major role in 3C-SiC ductile machining under the parameters of this 

experiment. In addition to considering the influence of the edge radius on HPPT, the 

influence of the nose radius should also be taken into consideration. 

 

4. Conclusions 

Based on the results from nanometric cutting on 3C-SiC, the conclusions can be 



drawn as follows: 

1) The image processing technology is applied to the SEM imaging system. 

The imaging mechanism of the SEM is studied, and an image processing method 

suitable for the SEM imaging system was proposed. The feasibility of dynamic 

force measurement under high resolution observation based on SEM was verified.  

2) Based on the limit space within the SEM vacuum chamber, a cutting 

force measurement method using image processing technology is proposed. The 

cutting force were educed by detecting the deflection of the cutting tool during 

the cutting process. The standard uncertainty in the current cutting force 

measurement method is less than 1 mN. This method provides a new way for the 

cutting force measurement of in-situ SEM nanometric cutting devices.  

3) AFM was used to extract the cross-section information of the cutting tool 

and the sample during the cutting process and the specific cutting energy at 

different cutting depth was calculated. The value fluctuates around 92 GPa in the 

cutting dominated by plastic removal regime, which is much larger than that of 

brittle removal regime gradually plays a major role. The size effect is the reason 

for the non-linear increase of cutting specific energy as the cutting depth 

decreases in the 3C-SiC nanometric cutting experiment. 

4) As the cutting depth reduced to 21nm, a smooth machined surface is 

obtained, which means that ductile removal regime gradually plays a major role. 

The thickness of the amorphous layer and the specific cutting energy both 

increases. No dislocation movement was found in the TEM results, indicating that 

the HPPT plays the major role in 3C-SiC ductile machining under the parameters 

of this experiment.  
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