
International Journal of Machine Tools & Manufacture 153 (2020) 103554

Available online 10 April 2020
0890-6955/© 2020 Elsevier Ltd. All rights reserved.

Surface formation mechanism in ultraprecision diamond turning of 
coarse-grained polycrystalline ZnSe 

Weihai Huang , Jiwang Yan * 

Department of Mechanical Engineering, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama0, 223-8522, Japan   

A R T I C L E  I N F O   

Keywords: 
Diamond turning 
Ultraprecision machining 
Polycrystalline ZnSe 
Surface integrity 
Phase transformation 
Grain boundary 

A B S T R A C T   

Zinc selenide is an excellent infrared optical material. In this study, ultraprecision diamond turning experiments 
were carried out on coarse-grained polycrystalline ZnSe (p-ZnSe) under various conditions and the corresponding 
surface formation mechanisms were investigated by examining the surface topography, chip morphology, ma-
terial microstructural change, and cutting forces. Two kinds of surface defects were observed (i.e. plowing- 
induced micron-scale cleavage craters and tearing-induced submicron-scale tearing pits). It was determined 
that plowing induced micron-scale cleavage craters could be suppressed by reducing undeformed chip thickness. 
Furthermore, it was ascertained that tearing-induced submicron-scale tearing pits could be restrained by using a 
cutting tool with a zero rake angle. The minimal surface roughness was dominated by grain boundary steps 
formed when the cutting tool crossed twin boundaries at a large angle. A model was proposed for correlating 
surface defects and boundary steps with crystal orientations and cutting directions. By using a large-nose dia-
mond tool for cutting, a smooth surface of 1.5 nm Sa was obtained. In addition, a zinc blende to cinnabar phase 
transformation was observed in the cutting chips, and metallization of cutting chips occurred at an extremely 
small undeformed chip thickness (~20 nm). Moreover, it was discovered that phase transformation inside the 
workpiece depends on the radius of the tool nose. The findings of this study provide an important reference for 
ultraprecision machining of brittle polycrystalline materials.   

1. Introduction 

Zinc selenide (ZnSe) is a striking infrared optical material because of 
its high transmissibility at infrared wavelengths [1,2], hence, it is often 
used in windows of high power CO2 lasers [3,4] and lenses for night 
vision systems of cars with autopilot, among others. ZnSe has a relatively 
low hardness quality [5], but it has a high brittleness quality [6], making 
it very difficult to be machined. The conventional method for creating 
optical surfaces with ZnSe is chemo-mechanical polishing [7,8]. How-
ever, the polishing efficiency thereof is low. Besides, it is also difficult to 
polish complex surfaces with high accuracy. As an alternative, ultra-
precision diamond turning has been proposed as a promising solution for 
crafting complex shapes with high surface integrity [9]. 

While the existing research on single-crystalline materials has been 
extensive, those on polycrystalline materials are relatively few. In dia-
mond turning of reaction-bonded silicon carbide [10], a super hard 
polycrystalline composite material, grain dislodgement became a major 
reason for surface roughness. In diamond turning of polycrystalline ti-
tanium [11], a low elastic modulus metal material with low thermal 

conductivity, it was found that the cracks could spread along the 
boundaries of large grains. In diamond turning of polycrystalline copper 
[12], a soft and ductile metal material, it was determined that surface 
crack patterns were less likely to occur. However, polycrystalline ZnSe, a 
soft and brittle material with different mechanical properties from the 
aforementioned polycrystalline materials, may result in a distinct dif-
ference in terms of the cutting mechanism. Zong et al. [9] studied 
oblique diamond turning of polycrystalline zinc sulfide (ZnS), whose 
mechanical property is, to some extent, similar to polycrystalline ZnSe, 
albeit less brittle than the latter, potentially causing different machin-
ability, whether it be microscale or nanoscale. 

For ultraprecision diamond turning of ZnSe, several studies have 
been conducted. Fang et al. [13] conducted diamond turning experi-
ments on ZnSe (crystal structure unknown) and achieved nanometric 
surface finishes by using a zero rake angle tool. They mentioned that 
fractures would occur when a highly negative rake tool is used, however, 
they failed to clarify their reason for such. Shojaee et al. [14] investi-
gated the effects of cutting parameters on residual stress as well as the 
crystal quality of a machined surface in diamond turning of 

* Corresponding author. 
E-mail address: yan@mech.keio.ac.jp (J. Yan).  

Contents lists available at ScienceDirect 

International Journal of Machine Tools and Manufacture 

journal homepage: http://www.elsevier.com/locate/ijmactool 

https://doi.org/10.1016/j.ijmachtools.2020.103554 
Received 1 February 2020; Received in revised form 27 March 2020; Accepted 29 March 2020   

mailto:yan@mech.keio.ac.jp
www.sciencedirect.com/science/journal/08906955
https://http://www.elsevier.com/locate/ijmactool
https://doi.org/10.1016/j.ijmachtools.2020.103554
https://doi.org/10.1016/j.ijmachtools.2020.103554
https://doi.org/10.1016/j.ijmachtools.2020.103554
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmachtools.2020.103554&domain=pdf
YANJ
テキストボックス
Downloaded from Yan Laboratory, Keio University at http://www.yan.mech.keio.ac.jp. Redistribution is subject to copyright licence from the journal publisher.



International Journal of Machine Tools and Manufacture 153 (2020) 103554

2

polycrystalline ZnSe (p-ZnSe). They found that certain grains or twins 
exhibit signs of fracture, but the relationship between the fracture and 
the crystallographic orientation was not characterised. Li et al. [15] 
investigated the ultraprecision diamond turning capability of physical 
vapour deposited p-ZnSe on a smooth surface which met the require-
ment for the infrared optical image systems. They found that the 
intended result was achieved by setting low feed rates and depths of 
cuts. However, even the fine finished surface still had some defects, with 
the formation mechanism of which kept unrevealed. Xiao et al. [16] 
conducted plunge-cutting experiments of p-ZnSe whose grain size was at 
the submicron level. They reported that grain dislodgement dominated 
the surface formation and that a larger brittle-ductile transition depth 
could be realised by using a tool with a highly negative rake angle or a 
large nose radius. It should be noted that the effect of the rake angle 
reported by Xiao et al. [16] is exactly contrary to that reported by Fang 
et al. [13]. The reason might be that the workpieces used in those studies 
had different crystal structures, leading to different material removal 
mechanisms. However, the relationship between ultraprecision 
machinability and workpiece crystal structure has not been 
well-understood. Moreover, it is inferred that the machining-induced 
changes of the crystal structure (i.e. phase transformation) might have 
significant effects on the material machinability. However, up to date, 
there has not been any systematic study on the phase transformation of 
ZnSe in diamond turning. 

Currently, ZnSe windows used for infrared systems are mostly p-ZnSe 
due to its low production cost, the grain size of which being a few tens or 
hundreds of microns [15,17], far larger than that used in the study of 
Xiao et al. [16]. For coarse-grained polycrystalline materials, grain 

dislodgment may be suppressed, but grain boundary step (i.e. a height 
difference between two adjoining crystal grains appearing at their 
common border due to the crystallographic effect in the material 
property) is a critical factor of surface roughness [18,19]. Nevertheless, 
the relationship between the formation of grain boundary step with 
cutting conditions is still unclear. The grain boundary step may result 
from the different elastic recovery of grains following tool pass [20,21] 
or anisotropic plasticity dominated by dislocation slip and grain 
boundary accommodation, as shown by finite element simulations [22, 
23]. Liu et al. [24], through a molecular dynamics simulation, 
concluded that sub-grains with transitional crystal orientations could be 
formed at the grain boundary through the plowing of the cutting edge 
and crystal rotation. The misalignment in the slip directions between 
sub-grains and original grains resulted in the grain boundary step. 
However, these arguments have not yet been verified by experimental 
studies. 

In this study, ultraprecision diamond turning tests were performed 
on coarse-grained p-ZnSe. The mechanisms of surface defects genera-
tion, phase transformation, and grain boundary step formation, for the 
tool nose radius, cutting conditions, and crystallographic orientation, 
were systematically investigated. The phase transformation behaviours 
in both the machined surface and the cutting chips were identified and 
compared. Finally, a smooth surface without detectable defects was 
realised by optimising the cutting conditions. The findings of this study 
provide insights into the fundamental physics of machining brittle 
polycrystalline material. 

Fig. 1. (a) EBSD IPF map; (b) grain size distribution; and (c) misorientation angle distribution of p-ZnSe.  
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2. Material and methods 

2.1. Material 

Chemical vapour deposited (CVD) ZnSe cylinders, 25 mm in 

diameter and 3 mm in thickness, were used as workpieces. According to 
the material manufacturer, the grain size ranged from 20 to 100 μm. The 
microstructure distributions of the workpieces were detected using an 
electron backscatter diffraction (EBSD) detector, from EDAX Inc., 
equipped on a field emission scanning electron microscope (FE-SEM, 
GeminiSEM 500, ZEISS). Fig. 1(a) shows the inverse pole figure (IPF) 
map of the workpieces. Many twins are observable in the microstructure 
of the p-ZnSe, as indicated by the black circles in Fig. 1(a). The corre-
sponding grain size distribution and misorientation angle distribution 
were determined using TSL OIM analysis software, as shown in Fig. 1(b) 
and (c). From the figure presented in Fig. 1(b), the range of the grain size 
was estimated to be approximately 3–80 μm and the peak grain size to be 
around 30–50 μm. Fig. 1(c) shows that the microstructure contains a 

Table 1 
Workpiece material.  

Material CVD polycrystalline ZnSe 
Workpiece size Ф 25 mm � 3 mm 
Grain size 3–80 μm 
Hardness 1.6 � 0.3 GPa 
Fracture toughness 0.87 � 0.15 MPa m1/2  

Fig. 2. (a) Schematic of workpiece dimensional for face turning by using a round-nosed tool; (b) photograph of the main section of experimental setup; (c) SEM 
image of the cutting edge of the R10 tool. 
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large fraction of high-angle grain boundaries. 
Nanoindentation experiments with a Berkovich and a cube-corner 

indenter were carried out using a nanoindentation instrument 
(ENT1100a, Elionix Inc.) to characterise the hardness and fracture 
toughness of the material, respectively. The indentations were made on 
selected large crystal grains rather than across grain boundaries. The 
hardness (H) is evaluated by the following equation [25]: 

H¼
P
A

(1)  

where P is the maximum applied load and A is the contact area of the 
indentation at the maximum load. For the Berkovich indenter, the area 
function is determined as follows [25]: 

A¼ 24:675h2 þ 0:562hþ 0:003216 (2)  

where h is the indentation depth. 
The fracture toughness (KIC) was determined according to the 

method presented by Zhang et al. [26]: 

KIC ¼ λ
�

Wu

Wt

�� 1=2 P
c3=2 (3)  

where λ is a constant number independent of the material, which is 
approximately 0.0695 for a cube-corner indenter. Wu refers to the 
unloading work and Wt pertains to the loading work. c is the length of 
the radial crack trace on the material surface after the withdrawal of the 

indenter. 
The hardness and fracture toughness measured by nanoindentation 

tests are 1.6 � 0.3 GPa and 0.87 � 0.15 MPa m1/2, respectively. These 
bulk material properties are similar to those of the single-crystal ZnSe 
(111) [27]. The information on the workpiece is summarised in Table 1. 

2.2. Experimental setup and conditions 

Face turning experiments were carried out using an ultraprecision 
turning machine (ASP-15, NACHI-FUJIKOSHI Co., Ltd.). As shown in 
Fig. 2(a), two regions with widths of 1.2 and 1 mm were cut at feed rates 
of 2 and 1 μm/rev, respectively, with the depth of the cuts at 2 μm. The 
initial points of the two regions in the radial direction of the workpiece 
are at radii of 10.6 and 8.5 mm, respectively. To ensure that the cutting 
speeds are approximately the same for the two regions, the spindle 
rotation rates were set to 1600 and 2000 rpm, respectively. The cutting 
forces were measured by a three-component piezoelectric dynamometer 
(Kistler 9256C2) mounted below the tool holder. The photograph of the 
experimental setup is shown in Fig. 2(b). 

First, a single-crystal diamond tool with a nose radius of 1.0 mm 
(R1), a rake angle of 0�, and a relief angle of 8� was used for experi-
mentation. By using a tailor-made tool holder, the tool rake angle was 
changed from 0� to � 20� (the relief angle was changed from 8� to 28�, 
accordingly) to investigate the effect of tool angles. 

To achieve an extremely small undeformed chip thickness without 
reducing the machining efficiency, previous researchers have attempted 
to make use of a cutting tool with a large nose radius [28]. Fig. 3 shows 
the schematic of the undeformed chip thickness in diamond turning by 
using round-nosed tools with different nose radii. Provided that other 
parameters (i.e. depth of cut and feed rate) are the same, a larger tool 
nose radius leads to a thinner undeformed chip, as described by equa-
tions A3 and A4 in the Appendix. In this study, a tool with 10 mm nose 
radius (R10), a rake angle of 0�, and a relief angle of 10� was used for 
cutting. The results thereof were compared with those corresponding to 
the R1 tool. The edge radius of both the R1 and R10 tools was approx-
imately 50 nm, as polished by Tokyo Diamond Tools Mfg. Co., Ltd. Fig. 2 
(c) shows a high-magnification image of the cutting edge of the R10 tool 

Fig. 3. Schematic of the change of undeformed chip thickness in diamond turning by using round-nosed tools with different nose radii: (a) R ¼ 1 mm; (b) R ¼ 10 mm.  

Table 2 
Cutting conditions.  

Cutting tool Single-crystal diamond tool 

Tool nose radius 1 mm 10 mm 
Rake angle α 0�, � 20� 0�

Relief angle γ 8�, 28� 10�

Feed rate f 1, 2 μm/rev 0.5, 1 μm/rev 
Cutting speed v 94–106 m/min 
Depth of cut d 2 μm 
Environment Dry cutting with vacuum suction  
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using FE-SEM (MERLIN Compact, ZEISS). The cutting conditions for the 
R1 and R10 tools are summarised in Table 2. At a feed rate of 1 μm/rev 
and depth of cut of 2 μm, the maximum undeformed chip thickness 
(hmax) for the R1 tool was 63 nm. The same was reduced to 20 nm for the 
R10 tool. The experiment was performed under a dry cutting environ-
ment, without using a coolant, in order to collect cutting chips for SEM 
observation. Dry cutting is likewise helpful in the actual manufacturing 
process of ZnSe components. Given that ZnSe material is toxic, dry 
cutting chips are relatively easy to be collected by vacuum suction while 
wet chips are extremely difficult in terms of collection and proposal. 

2.3. Measurement and characterisation methods 

The cross-sectional profiles of the machined regions were measured 
by a laser-probe 3D surface profilometer (NH-3SPs, Mitaka Kohki Co., 
Ltd.). Thereafter, a laser micro-Raman spectrometer (NRS-3100, JASCO) 
was used to detect the structural change in the material after machining. 
The machined surface, collected chips, and tool wear were observed 
using FE-SEM (MERLIN Compact, ZEISS). The crystallographic orien-
tation texture of the machined surface was examined using EBSD. The 
3D topography of the machined surface was measured using a white 
light interferometer (Talysurf CCI 1000, Taylor Hobson). 

3. Results for small nose radius (R1) tool 

3.1. Surface topography 

Four regions were machined under four different conditions: (i) f ¼ 1 
μm/rev, α ¼ 0�; (ii) f ¼ 2 μm/rev, α ¼ 0�; (iii) f ¼ 1 μm/rev, α ¼ � 20�; 
(iv) f ¼ 2 μm/rev, α ¼ � 20�. A typical cross-section profile of a groove 
machined under condition (i) is shown in Fig. 4(a). Fig. 4(b) shows the 
depth of each groove. It can be noted in Fig. 4(b) that the depths of all 
grooves are deeper than the set depth of cut, possibly because of the tool- 

Fig. 4. (a) Cross-section profile of a groove machined under f ¼ 1 μm/rev, α ¼
0�; (b) depths of grooves machined under different conditions. 

Fig. 5. SEM images of groove surfaces machined under conditions: (a) f ¼ 1 μm/rev, α ¼ 0�; (b) f ¼ 2 μm/rev, α ¼ 0�; (c) f ¼ 1 μm/rev, α ¼ � 20�; and (d) f ¼ 2 μm/ 
rev, α ¼ � 20�. 
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workpiece alignment error. Since it is an insignificant systematic error 
and it does not affect the comparison of the relative differences among 
the grooves, we neglected the impact of this error. The difference in the 
depths of the grooves is supposed to be caused by the different degrees of 
elastic recovery of the material under different cutting conditions. Given 
the same feed rate, the elastic recovery of the machined surface was 
determined to be larger under a negative rake angle, possibly since a 
more significant plowing effect relating to the large negative rake angle 
tool increases the minimum undeformed chip thickness [29]. This issue 
will be subsequently discussed in Section 3.4. Considering the same rake 
angle, the elastic recovery of the machined surface was ascertained to be 
larger at a smaller feed rate, possibly because a brittle fracture could 
occur during material removal with a large feed rate, leading to a 
weakened plowing effect and resulting in lesser elastic recovery. With a 
low feed rate, the undeformed chip thickness is lessened. As a result, 
ductile removal could occur more frequently during machining, result-
ing in higher elastic recovery. 

Fig. 5 shows SEM images of the groove surfaces machined under four 
different conditions. The crystal grains of varied orientations can be 
differentiated from each other by showing different gray levels. Fig. 5(a) 
shows a smooth surface machined under f ¼ 1 μm/rev, α ¼ 0�, which has 
few defects. Increasing the feed rate to 2 μm/rev, it can be observed that 
micron-craters appear on some grains as shown in Fig. 5(b). However, 
when the tool rake angle was changed to � 20�, surface defects were 
observed under both feed rates (i.e. at 1 μm/rev, the surface defects on 
the grains were dominated by submicron-pits, as shown in Fig. 5(c); and 
at 2 μm/rev, the surface defects on the grains were composed of micron- 
craters and submicron-pits, as shown in Fig. 5(d)). Noteworthy is the fact 
that in Fig. 5(c), the defects formed at the small twin grains. Moreover, it 
is likewise important to note that in Fig. 5(d), the defects formed at the 
large grains. The formation of defects in the grains seems to be inde-
pendent of the grain size, which is inconsistent with the results of 
turning polycrystalline metal (i.e. the crack formation is related to the 
grain/twin size due to different levels of stress concentration on unit per 
unit volume of grain boundary) [11]. This might be because the 
machining scale is far smaller than the grain/twin size in ultraprecision 
cutting of ZnSe, such that the effect of crystal orientation is stronger than 
that of grain size. If fine-grain or nano-crystal ZnSe is used as the 
workpiece, however, the result might be different [16]. 

The detailed observation of micron-crater and submicron-pits are 
shown in Fig. 6(a) and (b), respectively. In the observation regarding the 
micron-crater, a step-like structure that is perpendicular to the cutting 
direction can be seen. It is assumed that this step-like structure is caused 
by the crack propagation along two different cleavage planes that cross 
each other. The cleavage plane of ZnSe is {110} [30,31], hence the two 
cleavage planes form 90�, which is in line with the feature of step-like 
structures. A schematic diagram of the simplest situation of the rela-
tive spatial relation between cutting direction and cleavage planes for 

cleavage fracture formation is shown in Fig. 7. In contrast, for the 
observation on the submicron-pits, the pit size along the cutting direc-
tion is perceived to be smaller in size than that which is vertical to the 
cutting direction. This may be caused by the tearing and spalling of the 
material after the tool has passed through it. This issue will be discussed 
in Section 3.5. 

For each SEM image shown in Fig. 5, the distribution of defect size 
has been analysed using the ImageJ software. Based on the characteri-
sation of the surface defect pattern in Fig. 6, the defect area whose size 
was found to be in the range of 0.5–20 μm2 was measured. The histo-
gram was thereafter plotted, as shown in Fig. 8. It can be observed from 
the histogram that the number of large-size defects under conditions (b) 
and (d) are more than that under conditions (a) and (c). This is caused by 
the higher undeformed chip thickness h in conditions (b) and (d). 
However, under the same h, the number of small-size defects formed at a 
rake angle of � 20� (conditions (c) and (d)) are more than those at a rake 
angle of 0� (conditions (a) and (b)). Thus, it can be concluded that the 
micron-craters tend to form at a higher feed rate (2 μm/rev), while the 
submicron-pits tend to form at a negative (� 20�) rake angle. 

Fig. 6. Close-up views of (a) micron-craters on the surface machined at f ¼ 2 μm/rev, α ¼ 0� and (b) submicron-pits on the surface machined at f ¼ 2 μm/rev, α 
¼ � 20�. 

Fig. 7. A schematic diagram of the simplest situation of relative spatial relation 
between cutting direction and cleavage planes for cleavage fracture formation. 
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3.2. Cutting chips morphology 

Continuous or partially segmented chips were found in each cutting 
condition, as shown in Fig. 9. By using a 0� rake angle tool at a feed rate 
of 1 μm/rev, chips of needle were dominant shaped, as shown in Fig. 9 
(a). As the feed rate was increased to 2 μm/rev, flake-shaped chips 
emerged, as shown in Fig. 9(b). However, by using a � 20� rake angle 
tool, flake-shaped chips were observed at both feed rates of 1 and 2 μm/ 
rev, as shown in Fig. 9(c) and (d), respectively. 

The close-up views of needle-shaped and flake-shaped chips are 
shown in Fig. 10(a) and (b), respectively. It can be seen in Fig. 10(a) that 
the needles are actually very small curls. For both types of chips, 
lamellar structures with a constant spacing of tens of nanometres can be 

observed on one side of the chips. This indicates that the chip results 
from a periodic shear deformation in the primary shear zone [32]. It can 
also be seen that the thickness of the needle-shaped chip (Fig. 10(a)) is 
much smaller than that of the flake-shaped chip (Fig. 10(b)). 

Fig. 11 shows the chips having irregular particle shapes formed by 
brittle fracture. When the rake angle is at � 20�, chip morphologies of f 
¼ 1 and 2 μm/rev were observed, as shown in Fig. 11(a) and (b), 
respectively. It can be seen that very small chips, whose average size is 
less than 300 nm, were generated. The size of such chips is smaller than 
that of submicron-pits on the machined surface, as shown in Fig. 6(b). 
This suggests that such chips might be peeled off or pulled out from the 
machined surface. On the other hand, when f ¼ 2 μm/rev, the chip 
morphologies at α ¼ 0� and � 20� can be observed, as shown in Fig. 11(c) 
and (d), respectively. The blocky chips with a size of over 600 nm that 
were generated are observed to be much larger than the submicron-pits. 
Such an appearance of chips is similar to that of chips formed by crack 
propagation and brittle fracture [33], indicating that the material is 
removed in a brittle mode. 

3.3. Raman spectroscopy 

To investigate the possible phase transformation of the workpiece 
material caused by cutting, micro-Raman spectroscopy analysis was 
conducted. Fig. 12 shows the Raman spectra of the non-machined sur-
face, the machined surface at f ¼ 1 μm/rev, α ¼ 0�, and the cutting chips 
at f ¼ 1 μm/rev, α ¼ 0� and � 20�. The Raman spectra of the non- 
machined surface and machined surface show three peaks at around 
142.8, 205.8, and 252.4 cm� 1 that correspond to the transversal acoustic 
(2 TA) phonon mode, the transversal optical (TO), and the longitudinal 
optical (LO) phonon modes of ZnSe, respectively [34]. From this result, 
no phase transformation was detected on the machined surface. In the 
Raman spectrum of the cutting chips, however, the 2 TA phonon peak 
disappeared in both cases while the TO splitting mode was observed at 
205.9 and 207.1 cm� 1. At the same time, the TO phonon peak shifted to 
250.9 and 249.6 cm� 1 and the LO phonon peak shifted to 270.9 and 
266.1 cm� 1. This type of Raman spectra are in agreement with the 
Raman spectrum of ZnSe under high pressure [35]. The appearance of 

Fig. 8. Distribution of defect size under conditions: (a) f ¼ 1 μm/rev, α ¼ 0�; 
(b) f ¼ 2 μm/rev, α ¼ 0�; (c) f ¼ 1 μm/rev, α ¼ � 20� and (d) f ¼ 2 μm/rev, α 
¼ � 20�. 

Fig. 9. SEM images of cutting chips formed under conditions: (a) f ¼ 1 μm/rev, α ¼ 0�; (b) f ¼ 2 μm/rev, α ¼ 0�; (c) f ¼ 1 μm/rev, α ¼ � 20� and (d) f ¼ 2 μm/rev, α 
¼ � 20�. 
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the TO splitting mode indicates that ZnSe is transformed from zinc 
blende to a cinnabar structure when subjected to a pressure level higher 
than 5.5 GPa [35]. The shifts of the TO and LO phonon peaks at α ¼
0� are more than those at α ¼ � 20�, indicating that the cutting pressure 
is higher at α ¼ 0�. In general, the two Raman spectra of cutting chips 
show that the cutting chips undergo a phase transformation. 

It is worth mentioning that in the diamond turning of silicon, both 
cutting chips and machined surfaces are associated with similar phase 
transformation paths [36] induced by the high hydrostatic pressure 
[37]. However, in the diamond turning of ZnSe, phase transformation 
could not be detected from the machined surface. This may be attributed 
to the fact that the stress in the material below the tool can be resolved 
into the hydrostatic stress induced by the tool compression as well as the 
deviatoric stress induced by tool friction. Although the hydrostatic stress 
is predominant, thereby causing phase transformations, the phase 

transformation is reversed right after decompression [38] or the trans-
formed layer is too thin to be detected by laser Raman measurement 
[39]. This is because the deviatoric stress, in this case, is too weak to 
maintain the pressure-induced phase transformation. In the cutting 
chips, however, the shear stress was sufficiently strong which could 
uphold the maintenance of the pressure-induced phase transformation 
even after chip removal. 

3.4. Cutting force 

The principal and thrust forces were measured during machining. A 
typical real-time curve of cutting force under f ¼ 2 μm/rev, α ¼ 0� is 
shown in Fig. 13(a). A significant fluctuation was observed when the 
tool was inserted into the surface. Thereafter, the cutting force became 
stable when the tool started feeding along the radial direction of the 

Fig. 10. Close-up views of (a) needle-shaped chip; (b) flake-shaped chip.  

Fig. 11. Close-up views of particle-shaped chips which was observed at (a) (a) f ¼ 1 μm/rev, α ¼ � 20�; (b) f ¼ 2 μm/rev, α ¼ � 20�; (c) f ¼ 2 μm/rev, α ¼ 0� and (d) f 
¼ 2 μm/rev, α ¼ � 20�. 
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workpiece. The cutting force under this cutting condition was deter-
mined by calculating the mean of the cutting force (from 17 s to 35 s). 
Fig. 13(b) presents a comparison of the forces among four different 
conditions. It can be seen that both the principal and thrust forces at the 
0� rake angle (8� relief angle) are larger than those at the � 20� rake 
angle (28� relief angle). Since a large portion of thrust force is contrib-
uted by the spring back of machined surface acting on the tool [40], the 
reduction of thrust force at the � 20� rake angle might be due to the 
decreased flank face/workpiece contact area. It is worth noting that the 
principal force was likewise decreased when a negative rake angle was 

used, showing an opposite trend compared with cutting other materials 
(i.e. carbon steel and single-crystal silicon) [41,42]. 

In cutting steel, a typical ductile material, the phenomenon wherein 
the principal force increases by using a negative rake angle tool may be 
attributed to the increased tool/chip contact area [41]. Since the un-
deformed chip thickness h is in micron-scale for cutting steel, the 
tool/chip contact area could be the predominant factor in determining 
principal force. In cutting silicon, a typical hard brittle material, h is in 
the submicron scale. However, the hardness of silicon is at a very high 
level, thus the contact pressure between the tool and workpiece could 
reach a very high level when a negative rake angle tool is used, causing 
the structure of silicon to change from its original diamond cubic to a 
metallic state [42]. Hence, the shear deformation of the metallic phase 
dominates the general mechanism of material removal, leading to a 
larger principal force. 

In cutting ZnSe, a typical soft-brittle material, h is in the submicron 
scale, which is similar to that in terms of cutting silicon. Although the 
phase transformation occurs during the cutting process, the contact 
pressure is not high enough to cause the metallization of material, even 
when a negative rake angle tool is used (Fig. 12) due to the low level of 
hardness of ZnSe. This indicates that the negative rake angle tool is 
unable to facilitate the ductile removal of ZnSe. On the other hand, 
another factor should be noted, especially in terms of submicron-scale 
cutting, that is, the minimum undeformed chip thickness hmin, below 
which no material removal will occur [43–45]. The hmin could greatly 
affect the cutting force in submicron-scale cutting, considering that the 
ratio of hmin to h is relatively high. Several studies have reported that the 
hmin increases with the tool edge radius, leading to increased plastic flow 
of material downwards the cutting tool and a decreased shear defor-
mation of material in front of the tool rake face [46–48]. Besides, as the 
rake angle becomes a negative one, the tool becomes blunt and the 
equivalent tool edge radius becomes larger. Therefore, in the diamond 
turning of ZnSe, the reduction of the principal force at the � 20� rake 
angle tool maybe due to the reduction of shear deformation of material 
in front of the tool rake face caused by the increased hmin. This is in line 
with the result, as shown in Fig. 4(b), that the depth of grooves at the 
� 20� rake angle tool is smaller than that at the 0� rake angle tool (i.e. the 
material removal at the � 20� rake angle tool is less than that at the 
0� rake angle tool). A similar trend of force change has likewise been 
reported in ultraprecision turning of CaF2, whose mechanical properties 
are similar to ZnSe [49]. 

Fig. 12. Raman spectra of non-machined surface and machined surface as well 
as cutting chips. 

Fig. 13. (a) The real-time curve of the principle and thrust force under the condition of f ¼ 2 μm/rev, α ¼ 0�; (b) Comparison of cutting forces under 
different conditions. 
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3.5. Crystallographic effect on surface defect formation 

As mentioned in Section 3.1, the micron-craters tend to be formed at 
a feed rate of 2 μm/rev while the submicron-pits tend to be formed at a 
� 20� tool rake angle. In order to clarify the mechanism of surface defect 
formation, EBSD analysis of the surfaces was conducted, as shown in 
Figs. 14 and 15. 

Fig. 14(a) illustrates the IPF map of a machined surface with micron- 
craters. The corresponding SEM image of the machined surface is shown 
in Fig. 14(b) and the close-up view of a micron-crater is shown in Fig. 14 
(c). The damaged grain is highlighted by black and green dash-dotted 
lines in Fig. 14(a) and (b), respectively. Result shows that the 
damaged grain’s crystal orientation, represented by Miller indices, is (2 
2 9) [5 4 –2]. Consequently, the spatial relationship between the 
damaged grain and cutting plane can be illustrated, as shown in Fig. 14 
(d) and (e), respectively. Given that the cleavage plane of ZnSe is {1 1 0}, 
the line formed by the intersection of the cleavage plane (1 -1 0) and the 
cutting plane makes an angle of 84� with the y-axis. It is further observed 
that the cleavage plane sits at an angle of 90� with the cutting plane. In 
the close-up view of a micron-crater (Fig. 14(c)), the step-like structure 
and y-axis meet at the angle of 84�, which is same as the angle between 
the y-axis and the line of intersection of cleavage/cutting planes (Fig. 14 
(d)), thereby indicating that the crack was propagated along the cleav-
age plane. Moreover, the step-like structure makes an angle of 81� with 
the cutting direction, which is consistent with the finding that the cut-
ting direction is almost perpendicular to the cleavage plane (Fig. 14(e)). 
As a result, it can be inferred that as the cutting tool moves forward, 
cracks occur along the cleavage plane, which is perpendicular to the 
cutting plane (Fig. 14(e)). Meanwhile, cracks could also manifest along 
another cleavage plane (1 1 0), which is perpendicular to the cleavage 

plane (1 -1 0). The above brittle fracture process causes micron-craters 
on the machined surface, as illustrated in Fig. 16(a). Therefore, it can 
be argued that the grain under the condition that the cleavage plane is 
perpendicular to both the cutting plane and cutting direction has the 
lowest critical undeformed chip thickness hc. To avoid micron-craters, 
the undeformed chip thickness h should be smaller than hc throughout 
the whole cutting process, thereby acting as a barrier to improve the 
processing efficiency for a polycrystalline material. 

Fig. 15(a) illustrates the IPF map of a machined surface with 
submicron-pits. The corresponding SEM image of the machined surface 
is shown in Fig. 15(b) and the close-up view of the submicron-pits is 
presented in Fig. 15(c). The damaged grain is highlighted by black and 
green dash-dotted lines in Fig. 15(a) and (b), respectively. The results 
show that the crystal orientation represented by Miller indices is (2 1 3) 
[5 2 –4]. Consequently, the spatial relationship between the damaged 
grain and cutting plane can be illustrated, as shown in Fig. 15(d) and (e). 
The line formed by the intersection of cleavage plane (1 -1 0) and cutting 
plane makes an angle of 78� with the y-axis. Furthermore, the cleavage 
plane sits at an angle of 79� in relation to the cutting plane (i.e. the 
cleavage plane is almost perpendicular to the cutting plane). In the 
close-up view of the submicron-pits (Fig. 15(c)), the rows of submicron- 
pits and y-axis meet at the angle of 78�, which is same as the angle be-
tween the y-axis and the line of intersection of the cleavage/cutting 
planes (Fig. 15(d)). This indicates that the crack formed along the 
cleavage plane. Although the angle between the row of submicron-pits 
and cutting direction is 83�, the cutting direction is not perpendicular 
to the cleavage plane because the cutting plane is not perpendicular to 
the cleavage plane (Fig. 15(e)). On the one hand, this implies that it is 
relatively difficult for the brittle fracture of such grain to manifest 
compared to the grain whose cleavage plane is perpendicular to both the 

Fig. 14. (a) IPF map of a machined surface with micron-craters; (b) SEM image of the same surface in (a); (c) close-up view of a micron-crater; (d) and (e) are 
schematic drawings of top and oblique views of the crystal orientation of the damaged grain that is highlighted in (a) and (b) by black and green dash-dotted lines, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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cutting plane and cutting direction. On the other hand, such submicron- 
pits appear when the � 20� rake angle tool (γ ¼ 28�) is used, even at a 
feed rate of 1 μm/rev. In other words, the submicron-pits manifest at low 
levels of undeformed chip thickness when using the tool with a negative 
rake angle and a large relief angle. This means that the submicron-pits 
may not be caused by the plowing effect of the tool. Rather, these are 
caused by the peeling of the material from the machined surface after 
such tool passes, as shown in Fig. 16(b). When the material is found 
below the segment point, chip formation does not occur. Instead, the 
material undergoes elastic and plastic deformation and flows down-
ward, causing a plastic/elastic deformation layer beneath the tool. 
Thereafter, the layer springs back after the tool passes [50,51]. Cracks 
caused by the elastic recovery would start forming at the machined 
surface along the cleavage plane that is vertical to the cutting plane, 
resulting in surface defect of submicron-pits. 

In summary, the micron-craters are observed to cleavage 

microfractures, which are easily formed on the grain whose cleavage 
plane is perpendicular to the cutting plane and cutting direction and 
when the undeformed chip thickness is relatively high. This is caused by 
plowing effects along the cleavage planes, similar to those that occur in 
the cutting process of other brittle crystals such as silicon [52,53]. 
Moreover, it was determined that the submicron-pits were easily formed 
on the grain whose cleavage plane is perpendicular to the cutting plane 
and when a tool with a large relief angle is used. This is caused by the 
tearing effects along the cleavage planes during the elastic recovery of 
the workpiece material. The formation of submicron-pits is a special 
phenomenon for soft brittle materials but the same has never been re-
ported for hard brittle materials. In addition, since ZnSe has a 
face-centred cubic structure, it has six {110} cleavage planes. Therefore, 
defects could form on many grains with different crystal orientations, as 
long as at least one of the aforementioned conditions is met. 

According to previous studies, cracks could nucleate at the 

Fig. 15. (a) IPF map of a machined surface with submicron-pits; (b) SEM image of the same surface in (a); (c) close-up view of submicron-pits; (d) and (e) are 
schematic drawings of top and oblique views of the crystal orientation of the damaged grain that is highlighted in (a) and (b) by black and green dash-dotted lines, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 16. Schematic model for surface defect formation: (a) micron-crater due to plowing effect, (b) submicron-pits due to tearing and spalling.  
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boundaries of large grains rather than those of small grains due to 
excessive stress concentration on a unit per unit volume of grain 
boundary in the turning of monophasic polycrystalline metal [11]. 
Dislodgment will occur when the bonding strength at the grain bound-
ary is low in the turning of sintered multiphase polycrystalline material 
[10]. However, in terms of ultraprecision turning of coarse-grained 
p-ZnSe, the undeformed chip thickness is far less than the grain size 
and the material is seen to possess low levels of hardness and fracture 
toughness. Consequently, the effect of stress on the grain boundary of 
p-ZnSe should be much smaller than that of the aforementioned 

polycrystalline materials. The brittle fracture inside the grains would, 
therefore, occur before the nucleation of cracks at the boundary. Hence, 
neither crack initiation at the grain boundary nor grain dislodgement 
would occur. This is likewise confirmed by the surface topography 
shown in Fig. 5, where homomorphic surface defects are limited inside 
specific grains and no cracks are generated at the grain boundary. 
Therefore, in the ultraprecision turning of coarse-grained p-ZnSe, the 
crystallographic effect plays a major factor in material removal, whereas 
that of grain size effect is not that significant. Consequently, the mech-
anism for machining can be simplified by considering individual grains 

Fig. 17. SEM images randomly taken from a surface machined by using a R10 tool.  

Fig. 18. (a) and (b) are isometric view and top view of 3D topography of the surface machined at a feed rate of 1 μm/rev; (c) and (d) are 2D surface profile along Line 
1 and 2 marked in (b), respectively; (e) surface roughness of Area1 to 3 marked in (b). 
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with certain crystal orientations. By avoiding micron-craters and 
submicron-pits, a smooth machined surface can be realised without 
detectable defects. 

Based on the foregoing analysis, to obtain a smooth surface without 
any defects, a cutting tool with a rake angle of 0� and a small relief angle 
is preferable. Moreover, the undeformed chip thickness should be suf-
ficiently low so that all grains with various crystal orientations can be 
removed in a ductile mode. 

4. Results of large nose radius (R10) tool 

4.1. Surface roughness 

Fig. 17(a) and (b) are SEM images randomly captured on a machined 
surface using the R10 tool, which presented no surface defects. There-
after, a 3D topography of the machined surface was measured in a field 
of 160 � 160 μm2 using a white light interferometer, as shown in Fig. 18 
(a) and (b). The standard roughness parameters of the measured surface 
were defined by mean roughness (Sa), root mean square of roughness 
(Sq), and the maximum height of the profile (Sz). The Sa, Sq, and Sz of 
the surface were found to be 5.3 nm, 6.4 nm, and 48.5 nm, respectively. 
Fig. 18(c) and (d) give the extracted 2D surface profiles along Lines 1 
and 2, marked in Fig. 18(b). In both profiles, grain boundary steps can be 
identified clearly. In Fig. 18(c), the height difference between grains i 
and ii is approximately 14 nm while that between grains i and iii is about 
9 nm. In Fig. 18(d), the height difference between grains iv and v is 
about 18 nm while that between grains iv and vi is approximately 6 nm. 
Fig. 18(e) compares the surface roughness of three different grains that 
are marked in Fig. 18(b). The result shows that the surface roughness 
within each grain is similar but is much lower than the roughness of the 
whole measured surface. These indicate that the surface roughness is 
dominated by the grain boundary steps. In the ultraprecision cutting of 
polycrystalline germanium, the boundary step height was found to have 
decreased as the undeformed chip thickness decreased [20]. Therefore, 
to reduce the surface roughness of p-ZnSe, a smaller feed rate of 0.5 
μm/rev was applied in this experiment. The 3D topography of the 
machined surface is shown in Fig. 19. The standard roughness param-
eters (i.e. Sa, Sq and Sz) were reduced to 1.5 nm, 1.8 nm, and 10.7 nm, 
respectively. It can also be seen from Fig. 19 that although the size of the 
grains with the same crystallographic orientation is different, the 

Fig. 19. 3D topography of a surface machined at a feed rate of 0.5 μm/rev.  

Fig. 20. (a) Top view of 3D topography of the surface shown in Fig. 18; (b) IPF map of the same surface shown in (a); (c) 2D surface profile along Lines A to E marked 
in (a); (d) misorientation angle profile along Lines A - E marked in (b). 
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topography of these grains is the same. This is inconsistent with the 
Hall-Petch relationship (i.e. the yield stress will increase as the grain size 
decreases) [54]. This is because, in this study, the machining scale 
(undeformed chip thickness) is nanometric and far less than the grain 
size, which is in micron-scale or larger. Therefore, the surface roughness 
is mainly affected by crystal orientation. 

4.2. Grain boundary step 

Although the surface roughness decreases as the undeformed chip 
thickness decreases, the grain boundary step remains visible and dom-
inates the surface roughness, as seen in Fig. 19. To further explore the 
formation mechanism of grain boundary step, EBSD analysis was con-
ducted in combination with surface topography measurement. The top 
view of 3D surface topography is illustrated in Fig. 20(a) and the IPF 
map of the same area is illustrated in Fig. 20(b). The extracted 2D sur-
face profiles along Lines A to E marked in the surface topography are 
presented in Fig. 20(c). The misorientation angle profiles along Lines A 
to E marked in the IPF map are shown in Fig. 20(d), as represented by 
the point-to-origin and point-to-point curves. 

As seen in Fig. 20(c), on the one hand, the height difference between 
grains I and II in profile A, the height difference between grains IV and V 
in profile B, and the height difference between grains IV and X in profile 
C are obvious. On the other hand, the corresponding misorientation 
angle profiles (Fig. 20(d)) show that the misorientation angles between 
the two grains are at 60�, indicating that these boundaries are twin 
boundaries around <111> [55,56]. In addition, it can be noted that, in 
surface profile B, there is a small height difference between grains III and 
IV. The corresponding misorientation angle is 39�, indicating that the 
boundary is a twin boundary around <110> [55,57]. In misorientation 
angle profile C, there is a high-angle grain boundary of 43.6� between 
grains IX and IV, which is greater than 39�, however, the height dif-
ference between the two grains is unobvious. As such, the grain 
boundary step is easily formed at the twin boundary and a higher twin 
boundary misorientation angle leads to a higher grain boundary step. 
Besides, it can be noted that the boundary between grains VIII and III 
and that between grains VII and VI are also twin boundaries as indicated 
by misorientation angle profiles D and E. However, the corresponding 
grain boundary steps shown in surface profiles D and E are very small. 
This may be because the cutting direction is parallel to the twin 
boundary. Therefore, it can be deduced that the grain boundary step 

tends to form at the place where the cutting tool path crosses the twin 
boundary with a large angle. 

A model of ZnSe twining has been established by Shiojiri et al. [58], 
as shown in Fig. 21. If the cutting direction is perpendicular to the twin 
boundary (Fig. 21, case 1), the twin-pair will exhibit different me-
chanical properties due to the different relative positions of cutting di-
rection with crystal orientation, causing the difference in dislocation 
density in the twin-pair. Moreover, the twin boundaries are effective in 
stopping dislocations and preventing them from travelling into the 
adjoining-twin, as proven through a high-resolution TEM observation 
[59,60]. Additionally, the plastic deformation of the twin is highly 
dependent on dislocation [61]. This could lead to different levels of 
thickness of material removal that is plastically deformed in the 
twin-pair, causing the grain boundary step formation. It is also sup-
ported by the simulation result that the levels of chip thickness formed in 
two grains are different, as reported by Zhang et al. [12]. However, if the 
cutting direction is parallel to the twin boundary (Fig. 21, case 2) the 
twin-pair will exhibit the same mechanical properties and, conse-
quently, no grain boundary step will be formed. 

4.3. Metallization of cutting chips 

Raman spectra of the machined surface and cutting chips obtained 
using a R10 tool are shown in Fig. 22. The Raman spectrum of cutting 
chips obtained using a R1 tool was likewise plotted for comparison. In 
the spectrum of cutting chips (R10 tool), the LO phonon peak dis-
appeared, indicating that the cutting pressure is higher than 12.5 GPa 
and that ZnSe has transformed to a metal phase [38]. It is the metalli-
zation of cutting chips that helps the removal of the material from a 
completely ductile mode. On the other hand, the features of the spec-
trum of the machined surface using the R10 tool are similar to that with 
regard to the R1 tool (Fig. 12), however, the peak height of TO and LO 
phonon mode was found to be lower. This indicates once more that the 
phase transformation in the machined surface can be reversed to some 
extent after the tool passes. It should be noted that the 2 TA phonon peak 
on the machined surface of the R10 tool is very weak compared to that of 
the R1 tool. This may be due to fact that the phase stability of the lattice 
structure was broken at the high pressure [38] induced by the R10 tool, 
thereby preventing the recovery of the lattice crystalline phase after the 
tool passed. As a result, the reverse phase transformation was found to 

Fig. 21. Illustration of the relative position of cutting direction to a typical 
ZnSe twining (Zn and Se atoms are denoted by small and large circles, 
respectively) [58]. Fig. 22. Raman spectra of machined surface and the cutting chips by using R10 

tool at f ¼ 1 μm/rev. 
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be incomplete for the R10 tool. Thus, it can be inferred that the thickness 
of phase transformation layer has been increased by the large radius 
tool. 

The principal and thrust forces measured using the R10 tool are 8.33 
mN and 14.25 mN, respectively, as shown in Fig. 23. The thrust force is 
larger than the principal force, which is similar to the result obtained 
using the R1 tool (Fig. 13, f ¼ 1 μm/rev, α ¼ 0�). However, both the 
principal and thrust forces using the R10 tool are lower than those of the 
R1 tool. To figure out why chip metallization was observed for the R10 
tool but not for the R1 tool, the cutting pressure, P, was estimated based 
on a simplified tool-workpiece contact model (Fig. A1). The value of P 
was calculated from the resulting cutting force, F, which is synthesised 
from the measured principal and thrust forces, as well as the contact 
area, A, between the workpiece and cutting tool. The detailed calcula-
tion procedures of the cutting pressure are given in the appendix of this 
paper. The calculated results show that the cutting pressures for the R10 
tool and the R1 tool are 18.3 MPa and 5.6 MPa, respectively. These 
results are consistent with the pressure level reflected by their respective 
Raman spectra of cutting chips. 

4.4. Tool wear 

Fig. 24(a) and (b) show the SEM images of the cutting edges of an 
unused single-crystal diamond tool and the same tool after cutting for a 
distance of 5.5 km, respectively. In Fig. 24(a), the cutting edge is 
extremely sharp while the rake and flank faces are exceptionally smooth. 
However, after cutting, two kinds of wear patterns were identified, as 

shown in Fig. 24(b). One of the patterns pertains to the parallel grooves 
on the tool rake face possibly caused by the abrasive effect of chip flow. 
The other refers to a flank wear land which is smooth and uniform along 
the cutting edge, indicating that the friction between the tool and 
finished surface was steady during the cutting process. No edge chipping 
was observed due to the low level of hardness of ZnSe. However, since 
ZnSe is very brittle, an extremely low undeformed chip thickness should 
be set to achieve high surface integrity. To realise a low undeformed 
chip thickness, an extremely low feed rate is necessary for a small nose 
radius tool (R1), which leads to a very long distance of cutting for a large 
workpiece area. However, for a large nose radius tool (R10), the cutting 
distance for the same workpiece area is considerably smaller than that in 
relation to the R1 tool (i.e. cutting distance of R10 tool is only about one- 
third of the distance of the R1 tool to machine the same workpiece area). 
Consequently, the use of a large nose radius tool enables ductile mode 
cutting even with a large tool feed rate, which can reduce tool wear and 
machining time, and consequently, contribute to the productivity of IR 
optical components. 

5. Conclusions 

Ultraprecision diamond turning of polycrystalline ZnSe was con-
ducted and the mechanisms for surface defect formation, phase trans-
formation, chip formation, and grain boundary step formation were 
investigated. The major conclusions are summarised as follows:  

(1) Unlike the machining of polycrystalline hard brittle ceramics and 
polycrystalline metals, no trans grain cracks nor grain dislodge-
ments manifested in ultraprecision diamond turning of coarse- 
grained p-ZnSe. The surface defects arose within certain grains.  

(2) Two kinds of surface defects were observed. One pertains to 
micron-craters formed on the grain whose cleavage plane is 
perpendicular to the cutting plane and cutting direction. The 
other refers to submicron-pits formed on the grain whose cleav-
age plane is perpendicular to the cutting plane.  

(3) The micron-craters are caused by the cleavage fracture of the 
material at a large feed rate due to the plowing effects. The 
submicron-pits are caused by tearing and peeling of the material 
after the tool passes due to the elastic recovery at a negative rake 
angle.  

(4) A large nose radius tool with a rake angle of 0� was effective in 
machining polycrystalline ZnSe. A smooth surface of 1.5 nm Sa 
without detectable defect was realised. 

Fig. 23. The principal and thrust forces acting on the R10 tool measured at f ¼
1 μm/rev. 

Fig. 24. SEM images of cutting edges of (a) an unused tool and (b) the same tool after cutting for 5.5 km.  
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(5) The final surface roughness is dominated by grain boundary 
steps. The grain boundary step tends to form at the place where 
the cutting tool path crosses the twin boundary with a large 
angle. 

(6) Cutting chips undergo a zincblende to cinnabar phase trans-
formation which is enhanced by the strong shear stress in the 
shear zone. The metallization of cutting chips occurs because of 
an extremely low undeformed chip thickness (~20 nm).  

(7) When using a small radius tool, no residual phase change is 
detected from the machined surface. A reversed phase trans-
formation from cinnabar to zincblende may occur after the tool 
passes.  

(8) The dominant tool wear patterns are rubbing wear at the flank 
face and abrasive wear on the rake face with no edge chipping. 
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Appendix A. Calculation of cutting pressure 

This appendix elaborates the calculation procedure of cutting pressure, P, the results of which having been used in Section 4.3. 
Cutting pressure P can be expressed as: 

P¼
F
A
: (A.1)  

F¼Fp
2 þ Ft

2: (A.2)  

where F is the resultant cutting force, which is derived from the experimentally measured principal force, Fp, and thrust force, Ft. A pertains to the 
contact area between the tool edge and workpiece. 

For a visualisation of contact area A, firstly, a model of undeformed chip cross-section was schematised, as shown in Fig. A.1. The undeformed chip 
thickness, h, varies with angular position, δ, along the tool nose, which gradually increases from zero to the maximum value, hmax, and then decreases 
to zero. Thus, the h and hmax can be expressed as follows: 

h¼

8
>><

>>:

R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ f 2 � 2Rf cos
�π

2
� δ
�r

δmin � δ � δmax

R �
R � d
cos δ

δ’min � δ � δ’max

(A.3)  

hmax¼R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ f 2 � 2f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rd � d2
pq

(A.4)  

where δmin ¼ arcsin
�

f
2R

�

, δmax ¼ arccos
�

R� d
R

�

, δmin ¼ arccos
�

R� d
R� hmax

�

,δ’max ¼ arccos
�

R� d
R

�

. 
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Fig. A.1. Schematic model of the undeformed chip cross-section.  

For each h (angular position δ) shown in Fig. A.1, from the view of parallel to cutting direction, the schematic model of the contact length between 
the cutting tool and the workpiece can be plotted, as shown in Fig. A.2. In this simplified model, the contact between the cutting chips and tool rake 
face, as well as that between the machined surface and tool flank face were neglected. As exhibited in Fig. A.2, T is the point where the rake face is 
tangent to the tool edge radius, r. If the h is smaller than the height of point T (hT), only the tool edge contacts the workpiece. On the other hand, if the h 
is larger than the hT, both tool edge and rake face contact the workpiece. Therefore, the contact length, l, can be computed as follows: 

l¼

8
>><

>>:

r⋅arccot
�

r � h
r

�

h < hT

r⋅
�π

2
� α
�
þ

h � hT

cot α h � hT

(A.5)  

hT ¼ r � r⋅sin α (A.6)  

Fig. A.2. Schematic model of the contact geometry between cutting tool and workpiece (view from the direction parallel to cutting direction).  

According to Eq. (A.4), the hmax using the R10 and R1 tools are 20 nm and 63 nm, respectively. The hT at the tool edge radius of 50 nm and rake 
angle of 0� is 50 nm, as shown by Eq. (A.6). Thus, for the R10 tool, at any angular position, δ, only the tool edge comes in contact with the workpiece. 
For the R1 tool, at the angular positions δT < δ < δmax and δ’min < δ < δ’T, the tool rake face will also make contact with the workpiece. The δT and δ’T 
can be solved by substituting Eq. (A.6) into Eq. (A.3). 

δT ¼ arcsin
�

R2 þ f 2 � ½R � rð1 � sin αÞ�2

2Rf

�

(A.7)  

δ’T ¼ arccos
�

R � d
R � r þ r sin α

�

(A.8) 

After which, substituting Eq. (A.3) into Eq. (A.5) can lead to obtaining the relations between contact length, l, and angular position, δ: 
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for the R10 tool, 

l1; 2¼

8
>><

>>:

r⋅arccot
�

r � h1

r

�

δmin � δ � δmax

r⋅arccot
�

r � h2

r

�

δ’min � δ � δ’max

(A.9)  

for the R1 tool, 

l1; 2; 3; 4¼

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

r⋅arccot
�

r � h1

r

�

δmin � δ � δT

r⋅
�π

2
� α
�
þ

h1 � hT

cot α δT � δ � δmax

r⋅
�π

2
� α
�
þ

h2 � hT

cot α δ’min � δ’ � δ’T

r⋅arccot
�

r � h2

r

�

δ’T � δ’ � δ’max

(A.10)  

where h1 ¼ R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ f2 � 2Rf cos
�

π
2 � δ

�r

and h2 ¼ R � R� d
cos δ. 

Therefore, the contact area, A, can be expressed as follows: for the R10 tool,  

A¼
Z δmax

δmin

l1dδþ
Z δ’max

δ’min

l2dδ’ (A.11)  

for the R1 tool, 

A¼
Z δT

δmin

l1dδþ
Z δmax

δT

l2dδþ
Z δ’T

δ’min

l3dδ’þ
Z δ’max

δ’T

l4dδ’ (A.12) 

Using the numerical method, the contact area, A, can be easily calculated. The contact areas, A, at R10 and R1 tool are 9.02 � 10� 10 m2 and 3.89 �
10� 9 m2, respectively. The calculated cutting pressures using the R10 tool and the R1 tool are 18.3 MPa and 5.6 MPa, respectively. 
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