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Abstract
Brittle materials are widely used for producing important components in the industry of optics,
optoelectronics, and semiconductors. Ultraprecision machining of brittle materials with high
surface quality and surface integrity helps improve the functional performance and lifespan of
the components. According to their hardness, brittle materials can be roughly divided into
hard-brittle and soft-brittle. Although there have been some literature reviews for ultraprecision
machining of hard-brittle materials, up to date, very few review papers are available that focus
on the processing of soft-brittle materials. Due to the ‘soft’ and ‘brittle’ properties, this group of
materials has unique machining characteristics. This paper presents a comprehensive overview
of recent advances in ultraprecision machining of soft-brittle materials. Critical aspects of
machining mechanisms, such as chip formation, surface topography, and subsurface damage for
different machining methods, including diamond turning, micro end milling, ultraprecision
grinding, and micro/nano burnishing, are compared in terms of tool-workpiece interaction. The
effects of tool geometries on the machining characteristics of soft-brittle materials are
systematically analyzed, and dominating factors are sorted out. Problems and challenges in the
engineering applications are identified, and solutions/guidelines for future R&D are provided.

Keywords: ultraprecision machining, soft-brittle materials, ductile machining, tool geometries,
material removal mechanisms, surface integrity

1. Introduction

In the industries of optics, optoelectronics, and semiconduct-
ors, many important parts are made of brittle materials. One of
themost widely known brittlematerial is single-crystal silicon,
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due to its wide technological applications. Single-crystal sil-
icon, with a hardness of 10 GPa, is usually recognized as a
hard-brittle material [1]. Similarly, most advanced ceramics
[2], glasses, and semiconductors [3], whose hardness are com-
parable to or higher than silicon, are also called hard-brittle
materials. On the other hand, those brittle materials whose
hardness are considerably lower are usually called soft-brittle
materials. Typical soft-brittle materials and their mechanical
properties are listed in table 1. Soft-brittle materials have vari-
ous applications in the manufacturing of high value-added
products. For example, CdZnTe substrates (see figure 1(a)),
which have a high electro-optic coefficient and transparency
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Table 1. Mechanical properties of typical soft-brittle materials.

Material name Hardness H (GPa)

Fracture
toughness
Kc (MPa·m1/2) Application examples

Cadmium zinc telluride (CdZnTe) 0.45–1.8 [9] 0.13 [10] Radiation detectors [5]
Mercury cadmium telluride (HgCdTe) 0.55 [11] 0.20 [11] Infrared detectors [12]
Barium fluoride (BaF2) 0.80 [13] 0.22 [14] UV/VIS/IR optical systems [15]
Zinc selenide (ZnSe) 0.90–1.43 [16] 0.87 [17] High-power infrared laser [7], and night

vision systems
Potassium dihydrogen phosphate (KDP) 1.32–1.9 [18] 0.22–0.37 [18] Laser inertial fusion systems [8]
Calcium fluoride (CaF2) 1.67–1.86 [19, 20] 0.70 [20] High-end cameras [21]
Zinc sulfide (ZnS) 1.9 [22] 1 [22] IR laser systems [23]
Polymethyl methacrylate (PMMA) 0.175 [24] 1.08–1.96 [25] Camera lens for mobile, and intraocular lens
Silicon (Si) a 10 [22] 0.6–0.7 [22] IR optical systems, and semiconductor [26]
a Listed as a reference, which is usually called a hard-brittle material.

in the mid-infrared region, can be used for manufacturing
infrared focal plane arrays [4]. The x-ray and gamma-ray
detectors made of CdZnTe offer many advantages in medical
imaging and security inspection [5]. CdZnTe is also the most
promising semiconductor alloy for use in the free space optical
communication systems [6]. ZnSe lenses (see figure 1(b)) are
most commonly used as windows of high-power infrared laser
systems and have the potential to serve for night vision sys-
tems of autonomous vehicles, because of the wide spectral
range and low absorptivity at infrared wavelengths [7]. CaF2
lenses (see figure 1(c)) show a low dispersion and anomal-
ous dispersion, as well as a broad transmitted wavelength
region from vacuum ultraviolet 125 nm to infrared 8 µm.
All these properties encourage wide use in astronomy, photo-
graphy, microscopy, HDTV optics, and medical laser instru-
ments. Potassium dihydrogen phosphate (KDP) lenses are
the key optical elements in laser inertial fusion systems (see
figure 1(d)), which are used as harmonic frequency convert-
ers in the optical path and enable frequency multiplication
and optical switching [8]. Amorphous polymers, such as poly-
methyl methacrylate (PMMA) and polycarbonates, are widely
used in camera lenses for cell phones, intraocular lens, and
ophthalmic lenses.

To improve the functional performance, reliability, and
lifespan of soft-brittle parts, materials must be machined to
extremely low surface roughness and high form accuracy
without subsurface damage [30]. However, brittle materials
are difficult to machine to a high surface quality due to
low fracture toughness, which causes surface microfractures.
Therefore, machining must be performed in a ductile mode
by precisely controlling the material removal at an extremely
small scale (e.g. submicron or ten-nanometer level) to create
a high-pressure state in the cutting region and limit the tensile
stress below the fracture strength of the workpiece material
[31, 32]. Consequently, the material plastically deforms in
the local machining region rather than fractures. Extensive
experimental research has been conducted on ultraprecision
machining various brittle materials for several decades. Mul-
tiple literature reviews were published which report the char-
acteristics of ultraprecision ductile mode machining of brittle
materials [33, 34], effects of laser or vibration assistance

[35, 36], physics of contact deformation and fracture of
materials [37–39], mechanism clarification via molecular
dynamic (MD) simulation [33, 40, 41], chemical mechanical
processing of brittle materials [42, 43].

However, most of the aforementioned review papers
focused on hard-brittle materials while less emphasis was
placed on soft-brittle materials. The machining of soft-brittle
materials has some unique features due to the low-hardness
nature of the workpiece. For example, abrasives are easily
embedded into the machined surface and thus deteriorate the
quality of the machined surface [44]. Furthermore, different
types of surface scratches and subsurface damages take place
[45, 46]. Soft-brittle crystals show strong anisotropy. As illus-
trated in figure 2, CdZnTe, HgCdTe, ZnSe, and ZnS crystals
have cubic zinc blende structures; BaF2 and CaF2 crystals have
cubic fluorite structures; KDP crystal has a tetragonal struc-
ture. The strong material anisotropy adds more challenges to
ductile machining. For example, on the (001) plane of KDP,
the largest critical depth for ductile machining is ∼162 nm in
45◦ direction, 2 times the smallest critical depth in 0◦ direction
[47]. On the (100) plane of CaF2, the largest critical depth for
ductile machining is ∼700 nm in 90◦ direction, 7 times the
smallest critical depth in 30◦ direction [48]. In contrast, on
the (100) plane of silicon, the largest critical depth for ductile
machining is ∼300 nm in 0◦ direction, 1.7 times the smallest
critical depth in 45◦ direction [49]. Gao et al [50] reviewed
the advances in conventional and unconventional machining
methods for soft-brittle crystals and discussed the advant-
ages and limitations of each method. However, the machining
mechanisms of those processes were not compared in depth.
Different tool geometries in various machining processes lead
to distinctly different machining characteristics, such as the
deformation behavior of material and the formation of sur-
face/subsurface damages. However, the machining conditions
for soft-brittle materials are usually selected empirically based
on the experience of hard-brittle materials machining. For this
reason, a comparative study on the tool’s geometrical effects
on soft-brittle materials is urgently necessary.

To fill this gap, this article reviews the research on the
effects of tool geometry on chip formation, surface integrity,
and subsurface damage during ultraprecision machining of
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Figure 1. Typical products made of soft-brittle materials: (a) CdZnTe substrates [27] (Reproduced with permission from [27]), (b) ZnSe
lenses [28] (Reproduced with permission from [28]), (c) CaF2 lenses [29] (Reproduced with permission from [29]), and (d) KDP windows
in laser inertial fusion (LIF) system [8] (Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
The International Journal of Advanced Manufacturing Technology. [8], Copyright 2014).

Figure 2. Crystallographic structures of typical soft-brittle materials: (a) cubic zinc blende structures of ZnSe, ZnS, HgCdTe and CdZnTe
crystals, (b) cubic fluorite structures of BaF2 and CaF2 crystals, (c) tetragonal structure of KDP crystal. Structures drawn in VESTA [51].

soft-brittle materials. Comparisons are made among the
mechanisms for four typical machining methods, including
diamond turning, micro end milling, ultraprecision grind-
ing, and micro/nano burnishing, as schematically shown in
figure 3. A tool featured by a flat rake face with a defined
contour is used in diamond turning (see figure 3(a)). The
cutting edge is extremely sharp (several tens of nanomet-
ers), which is less than or comparable to undeformed chip

thickness. Therefore, material removal occurs by shearing and
extrusion. In micro end milling (see figure 3(b)), the cutter
usually has multiple rake faces with defined contours. The
rotation of the tool causes a periodical cut-in and cut-out of
the material, leading to an intermittent cutting condition. Due
to the different tool materials, the cutting edges of the mill
cutter are blunter than the edge of the diamond tool. Thus,
the undeformed chip thickness is less than the edge sharpness
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Figure 3. Typical methods for ultraprecision machining of soft-brittle materials.

of the mill cutter, thus, material removal occurs by extrusion
and plowing. In ultraprecision grinding (see figure 3(c)), the
grinding wheel has a large number of abrasive grits of ran-
dom shape and orientation. Therefore, the material may come
into contact with the flat face, sharp ridge, or round face of
abrasive grits. As a result, the material removal behaviors in
the grinding process involve shearing, extrusion, plowing, and
rubbing, depending on the extent of interaction between the
abrasive grits and the workpiece [52]. The surface finish is
the statistical result of the above material removal behavi-
ors. In the micro/nano burnishing (see figure 3(d)), the tool
is featured by a rounded rake face with an arch contour. The
radius of the spherical surface is much larger than the machin-
ing depth, making the material deformed by burnishing. The
effects of the tool geometry in each of the four types of pro-
cesses are discussed in sections 2–5, respectively. A compre-
hensive comparison is made among the four types of processes
in section 6 to clarify their common and special features.
The differences in material behaviors between soft- and hard-
brittle materials are also identified. Finally, in section 7, the
problems, challenges, and new possibilities in this technical
area are discussed from both scientific research and engin-
eering application aspects, and guidelines for future R&D are
provided. This paper helps readers understand the nature of

processing soft-brittle materials and select suitable methods
and conditions for specific applications.

2. Ultraprecision diamond turning

2.1. Tool shape

Ultraprecision diamond turning is a common method for man-
ufacturing aspherical and freeform surfaces as well as micro-
structures on brittle materials [53, 54]. Figure 4 presents three
typical commercially available diamond tools with different
tool shapes, that is, round-nosed tool, straight-nosed tool, and
V-shaped tool. The selection of tool shape is important for cre-
ating a specific structured surface onworkpieces. For example,
a round-nosed tool is used for generating a curved surface,
such as aspherical or free-form surfaces [55], while a straight-
nosed tool is used for cutting flat surfaces or convex aspherical
surfaces [56, 57]. When fabricating a Fresnel structure, very
straight steps are required. Thus, a round-nosed tool is inap-
propriate for cutting zones, even if the nose radius is small,
because it generates large shadow areas [58, 59], as shown
schematically in figure 5(a). In contrast, a V-shaped tool that
theoretically has no nose radius can generate Fresnel structures
without shadows [60], as shown schematically in figure 5(b).
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Figure 4. Schematics of different shapes of diamond tools.

Figure 5. Machining models for the Fresnel structures using (a) a
round-nosed tool and (b) a V-shaped tool.

The tool shape affects not only the geometric accuracy of the
workpiece but also the machining characteristics. A detailed
discussion of each shape of the tool edge is elaborated in the
following sub-sections.

2.1.1. Round-nosed tool. In the diamond turning of brittle
materials by using a round-nosed tool, the effective chip thick-
ness teff (i.e. undeformed chip thickness h) varies from zero at
the tool center to a maximum value (tm) at the top of the uncut
shoulder, as shown in figure 6(a). teff can be approximately
estimated by the following equation [61]:

teff = f(z+ f)/R (1)

where f is the feed rate, R is the tool nose radius, and z is the
horizontal distance from the tool center to the position where
the thickness is estimated.

For the part of the chip where teff is smaller than the
critical value (tc) for brittle-ductile transition, it is formed
through plastic deformation; while for the part of the chip

Figure 6. (a) Schematic model of ductile regime machining viewed
in the plane normal to the cutting direction [61] (John Wiley &
Sons). (b) Ductile regime machining model with a tool having a
larger nose radius than the tool in (a).

where teff is larger than tc, it is generated through brittle frac-
ture, which subsequently causes cracks to spread into work-
piece. Therefore, according to equation (1), to fabricate the
entire chip in the manner of plastic deformation, the feed
rate would have to be set low enough, which consequently
limits the machining efficiency. However, as pointed out by
Blake and Scattergood [61], the uncut shoulder would be
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Figure 7. Cutting of ZnSe poly-crystal: high-magnification SEM images of the cutting chips generated by using (a) R1 tool and (b) R10
tool; Raman spectra of (c) unmachined surface and the machined surfaces by using R1 and R10 tools, and (d) cutting chips by using R1 and
R10 tools [66] (Reproduced with permission from [66]).

removed by the following tool paths. A workpiece with a
crack-free surface can be fabricated even if the cracks are gen-
erated during the cutting process, provided that the cracks do
not extend into the cut surface plane, which enables ductile-
regime machining, as illustrated in figure 6(a). This feature
of a round-nosed tool allows the feed rate to be increased
to a certain extent to achieve ductile machining of brittle
materials.

To achieve small teff without reducing the feed rate, another
way is to make use of a cutting tool having a large nose
radius, according to equation (1). Figure 6(b) illustrates the
ductile regime machining model with a tool having a larger
nose radius than the tool in figure 6(a). When using the larger
nose radius tool, maximum undeformed chip thickness (hm,
or tm) would be reduced, which causes the position of critical
chip thickness (hc, or tc) to move towards the top of the uncut
shoulder and leads to a wider ductile-regime zone, given those
other parameters (i.e. depth of cut and feed rate) are the same
[62, 63].

As early as 1986, Fuchs et al [64] experimentally stud-
ied the influence of tool nose radius on the surface finish of
KDP crystal. They found that the larger the nose radius, the
better the surface finish, and reducing the feed rate is not as

effective as increasing the nose radius in improving the sur-
face finish. To further understand the effect of diamond tool
geometry on the finished surface quality of KDP crystal, Zong
et al [65] performed a three-dimensional finite element simu-
lation. The simulated result is consistent with the experiment
report by Fuchs et al [64]. Moreover, they found that the prin-
cipal force increases with increasing tool nose radius, while
the thrust force is independent of the tool nose radius. This
is different from the diamond turning of germanium, which
has higher hardness than KDP crystal. When using a small-
radius tool, the principal cutting force is dominant, while using
a large-radius tool, the thrust force becomes significant [63].
As a result, the tool service life (cutting distance) decreases
when the nose radius increases, causing earlier formation of
microfractures on the machined surface.

In the diamond cutting of ZnSe crystal, Huang and Yan
[17, 66], Xiao et al [67] and Geng et al [68] observed that
the larger the nose radius, the better the surface finish. High-
magnification scanning electron microscope (SEM) images of
cutting chips generated by using a tool with a nose radius of
1 mm (R1 tool) and a tool with a nose radius of 10 mm (R10
tool) were observed, as shown in figures 7(a) and (b) [66]. It
can be seen that the chip thickness would be reduced when
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Figure 8. Schematic models of subsurface damage mechanism in the ductile cutting of (a) single-crystal silicon [32] (Reprinted from [32],
Copyright (2009), with permission from Elsevier), and (b) ZnSe crystal.

Figure 9. Cutting of CaF2 crystal: TEM images of subsurface damage caused by (a) tool #1 with a nose radius of 0.2 mm, and (b) tool #2
with a nose radius of 0.05 mm [69] (Reprinted from [69], Copyright (2015), with permission from Elsevier); (c) Relationship between
subsurface damage depth and tool nose radius at different observation points [71] (Reprinted from [71], Copyright (2017), with permission
from Elsevier).

using a large nose radius tool, which is consistent with the
model of maximum undeformed chip thickness. Furthermore,
the Raman spectroscopy results indicate that the machin-
ing pressure increases with the tool nose radius. Because
the machined surface by the R1 tool has a spectrum sim-
ilar to the unmachined surface. In contrast, the spectrum of
the machined surface by the R10 tool shows low intensities
of transversal optical and longitudinal optical phonons and
zero intensity of second-order transversal acoustic phonon,
as shown in figure 7(c). In addition, the metallization of cut-
ting chips occurs when using the R10 tool but rather using
the R1 tool, as shown in figure 7(d). It is interesting to note
that although the R1 tool likewise caused a phase transform-
ation of cutting chips, no phase transformation was detec-
ted in the machined surface. It is considered that the phase
transformation of the machined surface is reversed right after
the decompression of tool-induced hydrostatic stress, which
had not been reported in hard-brittle materials. The schematic
models of the subsurface damage mechanism in the ductile
cutting of single-crystal silicon (a typical hard-brittle material)
and ZnSe crystal (a typical soft-brittle material) are compared,

as shown in figure 8. In the ductile cutting of single-crystal sil-
icon, a hydrostatic pressure-induced phase transformation will
be retained in the subsurface after unloading. In contrast, in the
ductile cutting of ZnSe crystal, hydrostatic pressure-induced
phase transformation will be reversed mostly after unloading,
leaving an extremely thin phase change layer in the subsur-
face that a Raman microscope cannot detect; however, a phase
transformation will be retained in the cutting chips that under-
went strong shear stress (non-hydrostatic pressure).

Although the finished surface quality of soft-brittle crys-
tal can be improved by using a tool with a relatively large
nose radius, the Raman results presented in figure 7(c) also
indicate that a large nose radius tool would induce greater
subsurface damage of the workpiece, due to the phase trans-
formation in the workpiece. Similarly, Kakimuma et al [69]
reported that in the diamond turning of CaF2 crystal, a tool
with a smaller nose radius produces more shallow subsurface
damage. It can be observed from transmission electron micro-
scope (TEM) images (figures 9(a) and (b)) that the amount and
location of the dislocation lines are larger and deeper in the
workpiece machined by the larger nose radius tool. Then they
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Figure 10. Machining model of a straight-nose tool.

characterized different areas on the CaF2 workpiece and sum-
marized the relationship between subsurface damage depth
and tool nose radius, as shown in figure 9(c) [70].

Unlike cutting crystals, the cutting speed plays a dom-
inant role in surface quality of amorphous polymers
because high cutting speed might cause thermally induced
softening/melting and high strain-rate induced embrittlement
in polymers [72]. These two effects may coexist; as a result,
there are reports of better surface finishwith a large nose radius
tool [73], and also reports of better surface finish with a small
nose radius tool [74]. By regulating the cutting speed, feed
rate, and depth of cut, several plans are possible to achieve
equivalent surface quality.

2.1.2. Straight-nosed tool. The machining model of a
straight-nosed tool is presented in figure 10. Compared to the
model of the round-nosed tool (see figure 6), it can be seen
that undeformed chip thickness (h) is constant along almost
the entire main cutting edge. The h can be estimated by the
following equation [75]:

h= f · sinκ (2)

where f is the feed rate, and κ is the cutting edge angle.
According to equation (2), when using the straight-nosed

tool, an extremely small h can still be achieved at a large feed
rate by setting a small cutting edge angle, which ensures higher
efficiency of ductile machining compared to the round-nosed
tool [76]. Moreover, the uniform thickness of cutting chips
over a wide cutting width b provides a plane strain condition.
This plane strain condition will promote the maintenance of
hydrostatic pressure in the cutting region, which is necessary
for ductile material removal [76]. However, the straight-nosed
tool may also cause deeper subsurface damage compared with
the round-nosed tool under the same cutting depth and cutting
speed, which was revealed by MD simulation [8].

Figure 11(a) shows an SEM image of a CaF2 surface
machined by a straight-nosed tool under a continuously var-
ied feed rate from 40 to 1 µm rev−1 (the corresponding unde-
formed chip thickness ranges from 1 µm to 26 nm) [77].
Two types of microfractures were observed, of which the A-
type microfractures generated under a large feed rate due to
both the size effect and the crystallographic effect of ductile-
brittle transition (DBT). A-type microfractures are the same
as the microfractures reported in the cutting of silicon [76].

However, B-type microfractures have never been reported
in cutting hard-brittle materials, which are characterized by
straight fringes with smooth and flat fractured surfaces and
develop to several hundreds of microns in diameter, as shown
in figure 11(b). Such microfractures develop when the feed
rate is very low and are less dependent on crystal orienta-
tion. The critical feed rate fc1 (above fc1 A-type microfrac-
tures generated) and the critical feed rate fc2 (below fc2 B-
typemicrofractures generated) are summarized in figure 11(c),
when using different rake angle tools. Moreover, it was
found that B-type microfractures only occurred during the
wet cutting with a low tool feed, while they disappeared
during low tool feed dry cutting. Therefore, thermal effect
is one possible reason for generating B-type microfractures
because the thermal conductivity of CaF2 is extremely low
(0.06 times that of silicon), and the thermal expansion coef-
ficient is extremely high (5.8 times that of silicon) [77].
A schematic model for mechanisms of thermal fracturing
occurring during low tool feed wet cutting is illustrated in
figure 11(d).

2.1.3. V-shaped tool. The machining model of a V-shaped
tool (see figure 12) is similar to the model of the straight-nosed
tool in which the undeformed chip thickness (h) is unvary-
ing along the main cutting edge, except that the V-shaped tool
has two symmetrical main cutting edges. Moreover, using a
V-shaped tool to machine micro-structured surfaces, in partic-
ular micro V-shaped grooves, on soft-brittle materials is more
challenging for the following reasons [78]: first, when using
a tool with a specific included angle (ε), the undeformed chip
thickness is only determined by the feed rate, and thus the feed
rate must be controlled precisely to achieve ductile machin-
ing. Second, high stress concentration occurs at the apex of
the groove edge. Owing to the soft and brittle qualities of
the material, cracks are likely to initiate at this region, caus-
ing material spalling, as illustrated in figure 12. Third, the
crystallographic effect is more significant than when using
round-nose and straight-nosed tools. Because the left side
(L-side) and right side (R-side) surfaces of a V-shaped groove
have different relative positions with respect to the cleavage
and slip planes of a crystal grain, as illustrated in figure 12.

To avoid spalling at the apex of the groove edge when
microgrooving ZnSe poly-crystal, Huang andYan [78] applied
a coating of photosensitive resin over the workpiece sur-
face and then cured the resin with ultraviolet light before
the machining process. Results showed that the pre-coating
layer significantly suppressed brittle fractures at the edge of
the groove, as shown in figure 13. The finite element method
(FEM) simulation results suggest that the resin coating can
make the tensile stresses along the cutting direction and the
direction normal to the workpiece surface distributed away
from the edge of the groove and the workpiece surface. In the
diamond turning of CaF2 crystal, it is likewise found that the
pre-coating can improve the DBT of material [79].

When microgrooving ZnSe poly-crystal, Huang and Yan
[78] also observed a strong crystallographic effect on the
left-side (L-side) and right-side (R-side) surfaces of the groove
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Figure 11. Cutting of CaF2 crystal: SEM images of (a) surface machined at continuously varied feed rate and (b) close-up view of B-type
microfractures [77]. (c) Variation in the critical tool feeds fc1 and fc2 with respect to the tool rake angle [77] (Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, The International Journal of Advanced Manufacturing Technology. [77],
Copyright 2004). (d) Schematic model for mechanisms of thermal fracturing occurring during small tool feed wet cutting.

Figure 12. Machining model of a V-shaped tool.

by machining double groove, as shown in figure 14. Under the
same cutting conditions, in grain A the microfractures only
formed on the L-side surface, while in grain B the microfrac-
tures only formed on the R-side surface. The strong crystallo-
graphic effect in the micro-grooving of soft-brittle materials is
attributed to the fact that in the cutting process the low hard-
ness of the material leads to low machining pressure, and thus
there is no amorphous layer formation in the subsurface. This
is different from the cutting of hard-brittle materials, where the

amorphization would occur in the subsurface due to the high
hardness-induced high machining pressure. And as a result,
the amorphous layer can decrease the anisotropy of the crystal.
The schematic models of surface formation mechanisms in the
micro-grooving of ZnSe crystal (a typical soft-brittle material)
and single-crystal silicon (a typical hard-brittle material) are
illustrated in figure 15.

The absence of an amorphous layer in the machined sub-
surface was also found when plunge grooving CaF2 crystal,
and the effect of the grooving induced stress field is reflec-
ted by a lattice misfit or rotation, evidenced by the selected
area electron diffraction (SAED) pattern and high-resolution
TEM (HR-TEM) image of the deformed layer, reported by
Wang et al [80]. Moreover, they developed a crystal plasticity
finite elementmethod simulation for orthogonal cutting, where
the crystal plasticity constitutive model is characterized by
the material non-linearity with crystallographic slip governed
by Schmid’s law, to reveal the mechanism of the anisotropic
brittle-ductile transition and stress-induced lattice rotation.
Figures 16(a) and (b) show the simulated stress distribution
from a different side of the workpiece. The left side is dom-
inated by tensile stress around node c, which is responsible
for crack initiation, while the right side presents compressive
stress around node b, which is unfavorable for crack initiation,
as illustrated in figure 16(c). Moreover, the different stress
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Figure 13. Cutting of ZnSe poly-crystal: SEM images of the V-shaped grooves machined on (a) the uncoated workpiece and (b) the
pre-coated workpiece [78] (Reproduced from [78]. CC BY 4.0).

Figure 14. Cutting of ZnSe poly-crystal: (a) SEM image of a typical area in the double groove; (b) schematic of the grain boundary plane
which corresponds to the grain boundary in (a) [78] (Reproduced from [78]. CC BY 4.0).

states among nodes cause the lattice rotation, as presented in
figure 16(d).

2.2. Edge radius

In ultraprecision diamond turning, the undeformed chip thick-
ness is as small as the edge radius of a single-crystal diamond
tool. Therefore, the edge radius cannot be ignored like the
conventional cutting process, because the effective rake angle
is no longer equal to the nominal rake angle and varies with the
ratio of undeformed chip thickness (h) to edge radius (r). The
effective rake angle of the cutting tool can be approximated
with the following equation:

γe =−π

2
+ cos−1

(
1− h

r

)
(h< r) (3)

where h/r is known as relative tool sharpness (RTS).
With the variation of RTS value, the chip formation mech-

anisms exhibit four distinct behaviors, including shearing,

extruding, plowing, and rubbing, which are independent of
one another [81, 82]. It is commonly accepted that there is
a stagnation point S (threshold) in nanometric cutting. When
the RTS is below the threshold, as shown in figure 17(a),
the material is not removed from the workpiece but deforms
elastic-plastically and passes the lowest cutting edge point L;
after the material has passed through the tool, the elastic por-
tion De springs back and the plastic deformed portion∆ leads
to a permanent deformation behind the point P. When the RTS
is greater than the threshold, as shown in figure 17(b), the
material above the threshold will be removed and its accompa-
nying chip formation. Although these models can qualitatively
describe the material removal mechanism when the unde-
formed chip thickness is at atomic or nanometric scale, the
specific threshold for a certain material is far from understood,
because the real-time observation of chip formation at such
scale is very difficult. Therefore, finite elements and MD sim-
ulations are commonmethods to investigate the effects of edge
radius [83–85].

10

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Int. J. Extrem. Manuf. 5 (2023) 012003 Topical Review

Figure 15. Schematic models of surface formation mechanisms in micro-grooving of ZnSe crystal and single-crystal silicon.

Chen et al [87] studied the effects of edge radius on the
ductile machining of CaF2 using a 2D finite element method.
The CaF2 was modeled as an elastic-plastic body. The chip
formation was simulated by the remeshing chip separation cri-
terion, and the friction between the tool and chip is defined as
the shear type. Their simulation results showed that the cutting
forces, especially the thrust force, increase significantly with
the edge radius. Additionally, the area of high VonMises stress
in front and beneath the tool tip is extended, but the maximal
Von Mises stress and hydrostatic stress in the cutting region is
decreased, as the edge radius increases. Therefore, they sug-
gested that a sharper edge radius tool should be used in the
ultra-precision cutting of CaF2. Zong et al [65] developed a 3D
finite element model to study the effects of edge radius on the
ductile machining of KDP crystal. The material constitutive
equation was defined by the curve of true flow stress vs.
plastic strain obtained from nanoindentation. The thermal
effect caused by tool-workpiece friction and material plastic
deformation was also considered. They found that a larger
edge radius will produce more extrusion between the cutting
edge and the chip root, and more friction and burnishing effect
between the cutting edge and the machined surface. The max-
imal machining pressure would be increased with the edge
radius, leading to more chip deformation and greater diffi-
culty in chip flow. Consequently, the finished surface qual-
ity deteriorated. Although both simulation results indicate that

a larger tool edge results in worse machined surface qual-
ity, it should be pointed out that these two simulation stud-
ies were performed with a constant undeformed chip thick-
ness (h), and the tool edge radius was increased from smaller
than the h to larger than the h. In other words, the RTS was
reduced as the tool edge radius increased, causing the chip
formation mechanisms to change from shearing to plowing.
However, if the tool edge radius and undeformed chip thick-
ness are both increased, a degree of ductile mode machining
can also be achieved. This situation is usually experienced in
themicro endmilling process, whichwill be discussed in detail
in section 3.2.

Zhang and Zong [88] characterized the cutting edge defects
of a mechanically polished diamond tool using an atomic
force microscope. They classified the tool edge defects into
blunt-edge, crescent-edge, A-type flat-edge (similar to flank
wear), and B-type flat-edge (similar to chamfered edge)
micro defects, as shown in figure 18. Then, they modeled
these defective tools and used them to machine KDP crys-
tals through smoothed particle hydrodynamics (SPH) simula-
tion. An elastoplastic material model defined by the stress–
strain curve of KDP was developed coupled with a min-
imum pressure failure criterion, i.e. when the pressure of SPH
particles is below −500 MPa, the stress states of the SPH
particles will be deactivated (stress becomes 0). Moreover,
the contact defined for SPH also becomes inactive for these
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Figure 16. Crystal plasticity finite element method (CPFEM) simulation results of normal stress (in MPa) in the cutting direction D00: (a)
left view, and (b) right view; (c) a model of microcrack formation based on the stress state and cleavage plane rotation at nodes (b) and (c);
(d) the simulated lattice rotation of nodes (a)–(c) [80] (Reprinted from [80], Copyright (2016), with permission from Elsevier).

Figure 17. Schematics of cutting models at the relative tool sharpness (a) less than threshold, and (b) greater than threshold [86] (Reprinted
from [86], Copyright (2005), with permission from Elsevier).

deactivated particles. Results (see figure 19) show that the
machined surfaces by crescent-edge andA-type flat-edge tools
are not smooth with large craters due to the disappearance
of hydrostatic pressure beneath the tool tip. In contrast, the
machined surfaces by blunt-edge and B-type flat-edge tools

are smooth with a favorable increment of hydrostatic pres-
sure. This indicates that the negative effects of tool edge
micro defects on machining soft-brittle materials could be
eliminated by making the tool edge blunt. Nevertheless,
when using a relatively large edge radius tool to machine
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Figure 18. Three-dimensional and cross-section views of edge
defects: (a) blunt-edge micro defect, (b) crescent-edge micro defect,
and (c) flat-edge micro defect [88] (Reproduced from [88].
CC BY 4.0).

soft-brittle materials, the lower limit of undeformed chip
thickness must be taken into account to avoid the plowing
effect, which causes micro craters and pits on the machined
surface [89]. The negative impact of the small RTS-induced
plowing behavior is more significant when cutting soft-brittle
crystals than when cutting hard-brittle crystals. This may
be attributed to the fact that plowing promotes the phase
transformation in hard-brittle crystals, which reduces mater-
ial brittleness, while the phase transformation does not occur
in the cutting of soft-brittle crystals. By contrast, for the cut-
ting of amorphous polymers, the formation of burrs increases
with tool edge radius due to the enhanced plowing effect
[72].

2.3. Rake/relief angles

As stated in section 2.2, the hydrostatic stress in the cutting
region is necessary for ductile machining brittle materials. In
addition to the edge radius, the rake angle of the tool has
an important influence on the distribution of the hydrostatic
stress, which could directly impact the value of critical unde-
formed chip thickness [90].

In the diamond cutting of CaF2 crystal, Yan et al [77] sys-
tematically studied the effects of rake angle on critical tool
feed rate by carrying out a series of turning experiments using
diamond tools with different rake angles (varied from 0◦ to

−60◦) and a constant relief angle (6◦). In their study, A-type
and B-type microfractures (see figure 11) were observed if the
feed rate was above fc1 and below fc2, respectively, as intro-
duced in section 2.1.2. Figure 11(c) shows the variation in the
critical tool feed rates fc1 and fc2 with respect to the tool rake
angle. It can be seen that the ductile region (fc2 < f < fc1) is
widest when the tool rake angle is −20◦ and becomes narrow
if the rake angle changes to a more negative value. Figure 20
presents the continuous ribbonlike chips produced at a rake
angle of −20◦, similar to the chips produced by metal cut-
ting. These chips indicate that the material was removed in a
completely ductile mode. Through the FEM simulation, Chen
et al [87] likewise found the optimal rake angle is−20◦ in the
cutting of CaF2, according to the analysis of the Von Mises
stress and tensile stress in the cutting region. At the rake angle
of −20◦, both the Von Mises stress and tensile stress are min-
imal. Chen et al [91] performed plunge-cut experiments using
cutting tools with different rake angles (varied from 0◦ to
−35◦) and found the −15◦ rake angle tool can achieve the
largest critical depth of cut for DBT in CaF2 crystal.

Compared to a zero-rake angle tool, a negative rake angle
tool can generate a high hydrostatic pressure in the cutting
region, especially after the onset of tool flank wear. It is
this high hydrostatic pressure that enables a nominally brittle
material to be plastically deformed under a shear stress and
removed in a ductile mode, rather than fractured in a brittle
manner. Under the high hydrostatic stress state, the resolved
tensile stress on the cleavage planes of the crystal will be signi-
ficantly counteracted and become insufficient to cause cleav-
age fractures [75]. However, it is worth mentioning that the
negative rake angle may have a side effect on the machined
surface integrity of a soft brittle material. Because the sub-
surface damage caused by a negative rake angle tool is more
severe than that by a 0◦ rake angle tool, as reported in the
turning of CaF2 crystal [69]. Therefore, a highly negative rake
angle tool, which is usually used for cutting hard-brittle mater-
ials, is not suitable for cutting soft-brittle materials because a
thick subsurface damage layer will be generated in soft-brittle
materials under a highly negative rake angle tool.

In the diamond cutting of KDP crystal, the tool rake angle
has a great impact on the distribution of hydrostatic pressure
in the cutting chips. According to the simulation results, when
the rake angle is−45◦ and−35◦, the hydrostatic compressive
stress almost distributes in the entire chip, which is favorable
to the formation of continuous chips; while the hydrostatic
tensile stress appears in the chip as the rake angle increases
from −25◦ to 0◦, resulting in discontinuous chips [92]. Based
on the simulation method as well, Zong et al [65] found that
both the principal and thrust forces are increased as the rake
angle varies from 0◦ to −45◦. However, the contact pres-
sure first decreases and then increases; the minimum contact
pressure is reached at a rake angle of −25◦. According to
the fact that the variation trend of surface roughness in the
experiment agrees with the simulated contact pressure trend,
they believe that a negative rake angle tool has more extrud-
ing effect on cutting chip, which in return increases chip accu-
mulation; but only at the rake angle of −25◦, the extruding
effect of the tool is fully consumed by the plastic deformation,
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Figure 19. Cutting simulations of KDP crystal showing the distribution of hydrostatic pressure in the cutting region when using tools with
different cutting edge geometries: (a) sharp edge with rn = 30 nm, i.e. the ideal condition, (b) blunt edge with rn = 60 nm, (c) crescent edge,
(d) A-type flat edge, and (e) B-type flat edge [88] (Reproduced from [88]. CC BY 4.0).

Figure 20. SEM image of continuous CaF2 chips produced under
the rake angle of −20◦, indicating ductile-regime material removal
[77] (Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, The International Journal
of Advanced Manufacturing Technology. [77], Copyright (2004)).

consequently facilitating the flow of cutting chip on the tool
rake face. Chen [93] et al simulated the maximal tensile stress
in the cutting region at different rake angle tools. They found
that when the rake angle decreased to about −45◦ the tensile
stress reached the minimum, and if the rake angle continued to
decrease, the tensile stress became greater. The experimental
result that the best surface quality of the KDP crystal was

obtained at the rake angle of−45◦ verified the simulation res-
ults. The different conclusions on the optimal tool rake angle
between Zong et al [65] and Chen et al [93] may be attributed
to the different edge radii of tools: the former is 70–80 nm,
while the latter is 150 nm.

In the diamond cutting of amorphous polymers, Yan [72]
used zero-rake angle and positive rake angle tools to cut
photoresist. Results show that the zero-rake angle tool can
produce a crack-free surface, and the surface fractures increase
dramatically with the tool rake angle. They attribute this phe-
nomenon to the fact that a high rake angle enhances tensile
stress in the cutting region, causing the material to fracture.
Zhou et al [94] fabricated micro lens arrays on PMMA with a
high-quality surface, and the tool used in the machining had a
zero-degree rake angle. The undeformed chip thickness must
be less than∼890 nm to ensure the ductile mode cutting at low
cutting speed.

Table 2 summarizes the optimal rake angle of cutting tools
for machining different soft-brittle materials. In general, the
negative rake angle cutting tools are favorable for ductile
machining soft-brittle materials. As expected, in the diamond
cutting of ZnSe crystal, a negative rake angle tool is benefi-
cial to ductile machining by improving the value of critical
undeformed chip thickness [67, 68]. However, Fang et al [95],
and Huang and Yan [17] reported that the best surface finish is
obtained with a 0◦ rake angle tool, and microfractures occur
on the machined surface when using a negative rake tool. This
might be caused by the experimental setup in which the relief
angle was increased significantly when the rake angle was set
to negative.
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Table 2. The recommended rake angle of cutting tools in the ultraprecision diamond turning of soft-brittle materials.

Material Recommended rake angle γ Nose radius (mm) Edge radius (nm) Method

CaF2 −20◦ (relief angle of 6◦) [77] Straight nose 20–40 Experiment
CaF2 −15◦ [91] 5 N/A Experiment
CaF2 −20◦ (relief angle of 10◦) [87] N/A 100 2D Simulation
KDP −45◦ (relief angle of 8◦) [93] N/A Ideally sharp Expt. and 2D Simul.
KDP −25◦ (relief angle of 8◦) [65] 1 Ideally sharp Expt. and 3D Simul.
KDP −45◦ < γ < −25◦ (relief angle of 8◦) [92] 1 ∼40 Expt. and 3D Simul.
ZnS <−25.5◦ (relief angle of 9◦) [23] 0.75 25.4 Expt. and 3D Simul.
ZnSe −25◦ (relief angle of 12◦) [67] 0.2 ∼20 Experiment
ZnSe −25◦ (relief angle of 10◦) [68] 1.15 N/A Experiment
ZnSe 0◦ [95] N/A N/A Experiment
ZnSe 0◦ (relief angle of 8◦) [17] 1 ∼50 Experiment
Photoresist 0◦ (relief angle of 10◦) [72] 10 50 Experiment
PMMA 0◦ (relief angle of 10◦) [94] 0.1 N/A Experiment

Therefore, it can be inferred that the relief angle of the tool
likewise affects the ductile machining of soft-brittle materials.
In the diamond cutting of KDP crystal, Zong et al [65] indic-
ated that both the principal and thrust forces decrease with the
increase of relief angle, especially for the thrust force, due to
a decreasing contact area between the machined surface and
the tool flank face. But the maximum contact pressure shows
a trend of decreasing first and then increasing, which comes to
be the lowest at the relief angle of 8◦. According to the stat-
istics for machined surface roughness, it is believed that both
the smallest friction and burnishing effects at a relief angle of
8◦ contribute to the best surface quality.

3. Micro end milling

Micro end milling is an important manufacturing technique
for fabricating three-dimensional surfaces on components
[96, 97]. Different from the turning process, during which the
tool continues to cut the material and maintain a stable state
of cutting force, in the milling process the tool intermittently
cuts the material due to the rotation of the tool with multiple
cutting edges. As a result, the cut-in and cut-out of materi-
als are repeatedly performed in the milling process, which is
more complicated than the turning process. Due to the fact that
a micro end milling cutter has an effective diameter of tens to
hundreds of microns and an edge radius of about 0.1–10 µm, it
can produce a microscale material removal, fabricating com-
ponents of micrometric dimensions [98]. However, consider-
ing that the diameter of end milling cutter is reduced on a scale
similar to the diameter of human hair, the cutting forces must
be controlled to stay below a very small value, because the
miniature end milling cutter is easily broken even if the cut-
ting force is a few tens of millinewtons [99].

Like the diamond turning process, to achieve ductile
milling of brittle materials, the undeformed chip thickness
should be less than a critical value. Figure 21(a) illustrates a
machining model of micro end milling. It can be seen that the
undeformed chip thickness (h) gradually increased from zero
at the beginning of the cut to a maximal value at the center of

the cut, and then decreased to zero again at the end of the cut.
The undeformed chip thickness can be approximately estim-
ated by the following equation [100]:

h= ft sinθ if ft/R<< 1 (4)

where f t is feed per tooth, θ is the position angle at the cutting
point, and R is tool radius.

Therefore, the cutting zone of micro end milling can be
divided into plowing zone, ductile zone, and brittle zone,
according to the value of h [101]. However, the cutting area
of micro end milling is more complicated than that of turn-
ing because different shapes of milling cutters have distinctly
different tip radii (rt), consequently affecting the ratio to the
axial depth of cut (ap). Therefore, a three-dimensional analysis
needs to be adopted by considering axial depth of cut and tip
radius, which influence the size and direction of the fractures
[102]. Figure 21(b) illustrates a 3D machining model of the
micro end milling process. Due to the existence of the tool
tip radius, the actual cutting area is uneven in the axial direc-
tion. When the axial depth of the cut is less than the tool tip
radius, as shown in figure 21(c), the actual undeformed chip
thickness is smaller than the undeformed chip thickness, and
is related to the undeformed chip thickness, tool tip radius, and
depth of cut; while when the axial depth of cut is larger than the
tool tip radius, as shown in figure 21(d), the actual undeformed
chip thickness is relatively uniform in the axial direction and
approximately equal to undeformed chip thickness. Both the
tool tip radius and axial depth of cut have important effects on
the ductile micro milling of brittle material in the micro-scale
because the cross-section of the chip greatly affects the cutting
force, which in turn determines the chip removal mechanisms
of end milling [103, 104]. Moreover, as shown in figure 21(a),
since the upper side of the cut experiences a downmilling,
while the lower side of the cut experiences upmilling, the two
sides of the slot may have different surface quality. In gen-
eral, the area experiencing upmilling (the entry zone) shows
a more ductile behavior than the area experiencing down-
milling (the exit zone) [105]. This is because the effective rake
angle becomes more negative during upmilling, as shown in
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Figure 21. Schematics of micro end milling process: (a) 2D model, and (b) 3D model [100] (Reprinted from [100], Copyright (2017), with
permission from Elsevier). The sectional view along the plane normal to vc, when the axial depth of the cut is (c) smaller, and (d) larger than
tool tip radius. (e) The sectional view from the plane parallel to ha and vc when upmilling and downmilling [106] (Reprinted from [106],
Copyright (2009), with permission from Elsevier).

figure 21(e), and thus stronger compressive stress is generated,
facilitating the ductile mode material removal process.

3.1. Tool shape

Researchers and companies have developed and optimized
many types of cutter geometries for micro end milling
[98, 99, 107]. Figure 22 presents several types of tool geo-
metry, including (a) two-flute flat end cutter, (b) cylindrical
end cutter, (c) D-shaped end cutter, (d) two-flute ball-end cut-
ter, and (e) single-flute spherical end cutter. Among them, the

former three cutters (see figures 22(a)–(c)) have a flat cutting
tool edge on both end and side surfaces, and thus belong to flat
end cutters. Such flat-end cutters can generate flat surfaces and
slots with sharp perpendicular edges in vertical micro milling.
Nonetheless, fabricating intact edges of slots on brittle mater-
ials is still challenging. Several attempts have been performed
on silicon, but edge chipping is difficult to avoid [108, 109].
Xiao et al [104] and Chen et al [100] used a flat-end cutter to
machine slots on KDP crystal. Although ductile modemachin-
ing was achieved on the bottom surface, the integrity of slot
edges requires further improvement, as shown in figure 23(a).
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Figure 22. Micro end milling cutters: (a) two-flute flat end cutter with a diameter of 30 µm [97] (Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Micro and Nano Fabrication Technology [97], Copyright (2018)), (b) cylindrical
end cutter with a diameter of 20 µm [114] (Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, The International Journal of Advanced Manufacturing Technology [114], Copyright (2006)), (c) D-shaped end cutter with a
diameter of 50 µm [115] (Reproduced from [115]. © IOP Publishing Ltd. All rights reserved), (d) two-flute ball-end cutter with a diameter
of 100 µm [97] (Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Micro and Nano
Fabrication Technology [97], Copyright (2018)), and (e) single-flute spherical end cutter with a diameter of 400 µm [116] (Reprinted from
[116], Copyright (2013), with permission from Elsevier).

In contrast, the latter two cutters (see figures 22(d) and (e))
have hemispherical cutting edges at the tool end, and hence
belong to ball-end cutters. Such ball-end cutters are suitable
for machining parts with smooth contoured micro features.
Benefiting from this characteristic, micro-milling with a ball-
end cutter has been accepted as the most promising method
to repair the micro-defects on the surface of large soft-brittle
crystals [110, 111]. Because in the ultra-precision machining
and laser pre-irradiation processes of large soft-brittle crys-
tals, micro-defects, such as cracks, pits, and ablation, are easily
generated on the crystal surfaces, which dramatically reduce

both the performance and lifespan of the parts. Considering
that growing large crystals is time-consuming and costly, the
best solution to remove defects is to repair the crystal by repla-
cing those defects with predesigned smooth contours [112].
Figure 23(b) shows a groove milled by a ball-end cutter in a
single path on KDP crystal. The edges of this groove are more
intact than the edges of the groove milled by a flat-end cut-
ter. By optimizing the interval of the spiral-milling path, the
residual tool marks height along the repaired contour can be
reduced, leading to a minimal light intensification inside the
micro-milled surface and a better repaired surface [113].
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Figure 23. SEM image of the surface machined in ductile mode by using (a) a flat-end cutter [100] (Reprinted from [100], Copyright
(2017), with permission from Elsevier), and (b) a ball-end cutter in the slot milling of KDP crystal [117] (Reprinted from [117], Copyright
(2017), with permission from Elsevier).

3.2. Edge radius

In the micro end milling of soft-brittle materials, the unde-
formed chip thickness (h) is usually reduced to smaller than
the edge radius to limit the cutting forces that might cause tool
failure and the maximum undeformed chip thickness that may
cause the brittle fracture of materials. However, as the unde-
formed chip thickness reduces, material deformation takes
place with a highly negative tool rake angle [118], which is
the same as the situation in diamond turning discussed in
equation (3). Therefore, in micro end milling, if the h is less
than a lower critical value hmin (also known as the minimum
undeformed chip thickness), the plowing effect will occur;
that is, the material will deform but without producing cutting
chips, and consequently cause deterioration of machined sur-
face quality and increase of specific cutting force [117]. For
example, when using a tool with an edge radius of ∼1 µm
to cut KDP crystal, the surface machined at undeformed chip
thickness (h) = 100 nm was featured with many micro craters
and micro pits; while the surface machined under h= 750 nm
was nearly smooth with a few micro pits [89]. The minimum
undeformed chip thickness of material removal for a certain
material is closely related to the tool edge radius. By using
two cutters with different edge radii to mill KDP crystal,
Chen et al [100] found that the normalized minimum unde-
formed chip thickness increases with the edge radius, and the
ratio of the minimum undeformed chip thickness to the cut-
ting edge radius (λe) is estimated to be 0.43 ⩽ λe ⩽ 0.48.
They attributed this phenomenon to the enhanced plowing
effect at a larger edge radius cutter. The enhanced plowing
effect will cause a higher temperature at the cutting region
because of a higher force-induced energy dissipation [119].
Consequently, the increased cutting temperature makes the
material more ductile, leading to a larger normalized min-
imum undeformed chip thickness. The machining character-
istics of polymers are more sensitive to temperature due to
their low melting temperature and glass transition temperat-
ure. In the micro milling of PMMA, when the temperature is

in the range of 60 ◦C–70 ◦C, the material is in the glass state,
and it can be removed in the brittle mode. When the temper-
ature increases to 70 ◦C–120 ◦C, the material is in the vis-
coelastic state, and thermoplastic deformation dominates the
material removal behavior [120]. Ali et al [121] developed an
empirical model for predicting the minimum chip thickness of
PMMA, indicating that low cutting speed, low feed rate, and
depth of cut ranging from 0.5 µm to 0.6 µm could be benefi-
cial to reduce the minimum chip thickness. Considering that
the minimum chip thickness is related to the tool edge radius
and material properties, Son et al [122] proposed an analytical
expression of the hmin, which is determined by the tool edge
radius (r) and the friction angle (β) between the tool andmater-
ial as follows:

hmin = r

(
1− cos

(
π

4
− β

2

))
. (5)

Since the edge radius greatly affects the plowing force and
machined surface quality, Chen et al [123] developed a new
theoretical model, considering the edge radius, for predicting
the plowing force in themicro endmilling of soft-brittle mater-
ials. Results show that the plowing force decreases quickly
with the decrease of the edge radius. When the edge radius
is smaller than 2.8 µm or the edge radius is larger than 4.2 µm
with a feed speed larger than 5 µm z−1, the plowing force can
be controlled to less than the shearing force, which is believed
to be beneficial to obtain a good surface finish. However, a
large edge radius cutter at a large feed speed will cause a
large undeformed chip thickness which is likely to exceed the
critical undeformed chip thickness of brittle fracture. There-
fore, a cutter having a sharp cutting edge is recommended
to suppress the plowing effect and promote material shear
deformation for achieving smooth machined surfaces in the
micro end milling of soft-brittle materials. From this point of
view, a single-crystal diamond end cutter is expected to mill
soft-brittle materials because single-crystal diamonds can be
sharpened to a nanometer-class sharp cutting edge. Yan et al
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[96] realized a ductile mode milling of hard-brittle material
(reaction bonded silicon carbide) by using a single-crystal dia-
mond end cutter, though significant cutter wear was generated
rapidly, which leads to deep streaks on the machined surface.
In the milling of soft-brittle materials, the cutter wear should
not be as severe and fast as when milling hard-brittle materi-
als. Korkmaz et al [124] used a single-crystal diamond micro-
endmill to machine channels on PMMA. In contrast to the
excessive burr formation by using tungsten carbide tools, there
is no significant burr formation on the created channels using
the diamond cutter, even at high cutting speeds and feed rates.
Nevertheless, up to date, the study on the milling of soft-brittle
materials by single-crystal diamond end cutters is still
limited.

3.3. Rake/relief angles

The milling cutters are similar to the diamond tools of the
turning process, which have designed rake and relief angles
for better machining performance. Based on the experience of
diamond turning of soft-brittle materials, the rake angle of the
mill cutters is usually negative. Chen et al [119] developed
two types of 3D finite element models of ball-end cutters for
milling KDP crystal: Type I is the cutters having rake angles
from 0◦ to −70◦ with an interval of 5◦ and a constant relief
angle of 9◦; Type II is the cutters changing relief angles from
20◦ to 50◦ and having rake face and relief face which are sym-
metrical with reference to the axis of the cutter. By consider-
ing the distribution of stress and strain in the cutter, peak-to-
valley cutting forces, and the maximum tensile stress in the
workpiece, the optimal rake angle for Type I cutter and Type
II cutter are found to be −25◦ and −45◦. Then they set the
Type I cutter with a constant rake angle of −25◦ and changed
the relief angle from 0◦ to 18◦ (interval is 3◦) to find a recom-
mended relief angle. The result indicated that the relief angle
of 9◦ is optimal, at which the friction effect is almost elimin-
ated, and the maximum tensile stress in the workpiece reaches
a minimum. It should be pointed out that in these simulations,
the tool edge radius was set at zero to avoid additional influ-
ence induced by the tool edge radius. However, in the real
end milling process, the undeformed chip thickness is usu-
ally less than the tool edge radius, because the undeformed
chip thickness must be limited to the submicron level, but the
edge radius of the mill cutter, which is made of sintered mater-
ials, is of several microns. Thus, in the micro end milling,
the soft-brittle material is always machined by a cutter with
a highly negative effective rake angle, which can be calcu-
lated by equation (3), independent of the nominal rake angle.
Therefore, the simulation results reported by Chen et al [119]
may provide a reference to optimize cutting parameters mak-
ing the effective rake angle approach the simulated ideal rake
angle. Nevertheless, a nominal negative rake angle is neces-
sary to ensure that the effective rake angle remains negative
when the tool wear occurs at the flank face. Besides, a neg-
ative nominal rake angle enhances the stiffness of the cutter,
which in turn helps to obtain the machined surface quality.

In general, a large negative rake angle provides a high stiff-
ness of tools, but it does not mean the higher the negative rake
angle, the higher the tool stiffness. The optimal rake angle for
the highest stiffness varies with the shape of the cutter [125,
126]. In addition, the large negative rake angle and edge radius
would increase the difficulty of chip formation, resulting in
increased burr sizes. Positive helix angles would guide chips
flowing upwards along the rake face, forming large flip burrs,
while negative helix angles would suppress the flip burrs [98].
Therefore, Uchiyama et al [127] used a zero-rake angle cutter
to mill polycarbonate and found that a large relief angle (15◦)
can enhance the surface finish by suppressing the cutting heat-
inducedwelding, adhesion and unequal spaces of cutter marks.

3.4. Tool inclination angle

In the ball end milling, the cutting speed of the tool edge cen-
ter is near zero. Therefore, when the cutter axis is normal to
the cutting plane, the surface produced by the central cutting
edge can be rough owing to the near-zero cutting speed. In
this case, adjusting the milling inclination angle between the
cutter and the workpiece can improve the machining perform-
ance. Figure 24 schematically illustrates the inclination angle
of a ball-end cutter to the workpiece. βf and βn are the milling
inclination angles along the feed direction and the direction
perpendicular to the feed direction. If βf and βn are positive,
the milling process is a reverse cut; if they are negative, the
milling process is a plunge cut [128]. Liu et al [129] found
that in the micro ball-end milling of KDP crystal, the reverse
cut is always preferred to the plunge cut, regardless of whether
the cutter is inclined along the feed direction or the direction
perpendicular to the feed direction, because the reverse cut
is more prone to realize the ductile mode machining. Then
they developed a theoretical model, considering inclination
angle and direction, for calculating the undeformed chip thick-
ness and cutting speed in the micro ball-end milling process
[130]. Results show that inclining the ball-end cutter along
the feed direction with a positive angle (reverse cut) produces
a smaller undeformed chip thickness than when the cutter is
inclined in the opposite direction (plunge cut). Increasing the
milling inclination angle will increase the effective cutting
speed and decrease the velocity gradient along the engaged
cutting edge, which jointly result in a smaller equivalent shear
angle and consequently reduce the surface roughness. When
micro ball-end milling KDP crystal, a positive inclination
angle of 45◦ was found to obtain a better machined surface
roughness.

Foy et al [106] investigated the effect of inclination angle
on brittle-ductile transition in the micro milling of glass by
tilting the cutter 0◦ to positive 60◦. The material removal
mode in relation to inclination angle and feed rate is shown in
figure 25(a). It can be seen that at a positive inclination angle
of 45◦, the ductile mode milling can be realized at the largest
feed rate. By setting an inclination angle of+45◦, Matsumura
and Ono [131] successfully machined crack-free orthogonal
grooves on glass, as shown in figure 25(b).
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Figure 24. Schematics of inclination methods of ball-end cutter in ball-end milling.

Figure 25. Ball-end milling of glass: (a) material removal mode in
relation to inclination angle and feed rate [106] (Reprinted from
[106], Copyright (2009), with permission from Elsevier);
(b) machined orthogonal grooves by using a ball-end cutter at an
inclination angle of 45◦ [131] (Reprinted from [131], Copyright
(2008), with permission from Elsevier).

4. Ultraprecision grinding

Grinding is a complex material removal operation involving
cutting, plowing, and rubbing depending on the extent of inter-
action between the abrasive grits and the workpiece material

under the conditions of grinding [52]. Ultraprecision grind-
ing is mostly used to produce high-quality surfaces made from
hard-brittle materials. Through the multipoint cutting actions
of ultrafine diamond grits, ultraprecision grinding can fabric-
ate parts with high surface finish and high surface integrity at
reduced tool wear compared to diamond turning [132]. How-
ever, in the grinding of soft-brittle materials, impurity embed-
ding and poor ground surface quality are likely to occur under
conventional grinding conditions [44]. To overcome this diffi-
culty, researchers conducted a lot of attempts, including the
optimization of grinding parameters [133], development of
proper grinding fluid [134], and design of a binderless grinding
wheel [135], and so on. Among them, the diamond grit’s geo-
metry considerably influences the quality of the machined
surface [136].

4.1. Grit size

Diamond grits on grinding wheels inevitably have uneven size
distribution and protruding heights. In the ductile grinding of
soft-brittle materials, relatively uniform size distribution of
grits tends to producemore ductile removal, while a significant
protrusion may cause microfractures on the machined surface
[137]. Thus, dressing and truing of wheels are necessary to
narrow the size distribution and protruding height of diamond
grits. Furthermore, diamond grits with a smaller average size,
usually several micrometers or even less, are prone to offer a
safer ductile grinding process [34].

Namba et al [138] used five different mesh sizes of dia-
mond wheels to grind the (001), (111), and (110) planes of
CaF2 wafers. The average grit sizes on the five grindingwheels
were 4, 6, 8.5, 11.5, and 18.5 µm, respectively. For each grind-
ing wheel, through a series of experiments with different feed
rates, the effects of feed rate and the grit size on the material
removal modewere explored. It can be seen from figure 26 that
although the absolute ductile grinding can only be achieved
under low feed rate and grit size conditions, a finer grit size
allows a relatively larger feed rate, especially on the (001) and
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Figure 26. Grinding of CaF2 crystal: change in material removal mode with feed rates and grit sizes of diamond wheels [138] (Reprinted
from [138], Copyright (2005), with permission from Elsevier).

Figure 27. SEM images of the surfaces ground under a diamond wheel with mesh size of (a) #800, (b) #1500, (c) #3000, and (d) #5000 in
the grinding of CdZnTe crystal [139] (Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
The International Journal of Advanced Manufacturing Technology. [139], Copyright (2010)).

(110) planes. The CaF2 wafer of the (111) plane is most diffi-
cult to obtain a crack-free ground surface.

Zhang et al [139] preliminarily explored the ultrapreci-
sion grinding of CdZnTe crystal under four diamond wheels
with different mesh sizes, including #800, #1500, #3000, and
#5000, which corresponds to average grit sizes of 14, 8, 4,
and 2.6 µm, respectively. They found that ductile grinding
can be realized using #3000 and #5000 grinding wheels, and

the best surface finish with average roughness Ra of 5.5 nm
was obtained using the #5000 grinding wheel. The SEM
images of the machined surfaces are presented in figure 27.
Then, Zhang et al [140] characterized the subsurface dam-
ages of the CdZnTe crystal ground by #1500, #3000, and
#5000 grinding wheels via cross-sectional TEM observation,
as shown in figure 28. The results indicate that each sample has
grinding-induced subsurface damages, but amorphous phases
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Figure 28. Cross-sectional TEM images of the subsurface ground under a diamond wheel with the mesh size of (a) #1500, (b) #3000, and
(c) #5000 in the grinding of CdZnTe crystal. (The insets present their corresponding SAED patterns.) [140] (Reprinted from [140],
Copyright (2010), with permission from Elsevier).

Figure 29. Grinding of HgCdTe crystal with a diamond wheel mesh size #15000: (a) SEM image of the ground surface. Cross-sectional
TEM images of the ground subsurface (b) at low magnification (the insets present is SAED patterns), (c) at high magnification [145]
(Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Tribology Letters. [145], Copyright
(2012)).

have not been formed in the subsurface. This result differs
from those reported on grinding hard-brittle materials, such as
silicon [141] and gallium oxide [142], in which both amorph-
ous phases and crystallite defects are produced. The HR-TEM
analysis revealed that the crystallite defects and nanocrystals
are the main elements in the subsurface damage layer, and the
extent of the damages in the subsurface layer decreased with
decreasing grit size.

For this reason, Zhang et al [143] developed an ultrafine
diamond wheel with mesh size #15000 (corresponding to
an average grit size of 700 nm) to grind HgCdTe crystal.
Ultimately, an ultra-smooth ground surface with a rough-
ness 1.7 nm Ra was achieved, as shown in figure 29(a). The
cross-sectional TEM images of the ground subsurface show
that both the SAED patterns (see figure 29(b)) and mono-
crystalline lattice (see figure 29(c)) are perfect, indicating
that a damage-free subsurface of HgCdTe crystal is achieved.
Moreover, Zhang et al [144] noticed that the traditional model
of maximum undeformed chip thickness (hm) could not pre-
dict the real generated chip thicknesses well under such fine
diamond grits; thus, they developed a novel model for calcu-
lating the hm of the face grinding with ultrafine diamond grits,
as follows [145]:

hm =
E1

E2

[
3

C3/2 tanη
vf
vs

]1/2
(6)

where E1 and E2 are the elastic moduli of the wheel and work-
piece. C is a specific number of active surface grits per unit
area. η is the half-included angle of the cross-section of a chip.
vf is the feed rate of the wheel, and vs is the speed of the wheel.

4.2. Grit shape and orientation

Restricted by the dressing and truing techniques of diamond
grit and the thermal conductivity of the bond of the grinding
wheel, the size of diamond grit has a lower limit. Therefore,
optimization of grit shape is another important way to enhance
the ductile grinding of soft-brittlematerials. Since a large num-
ber of abrasive grits of unknown shape and orientation parti-
cipate in the grinding process and remove material from the
workpiece, and the number of grits passing through the grind-
ing zone per unit time is extremely large, it is necessary to use
probabilistic statistics to analyze the machining mechanism of
the grinding process. Because the sharp contact and blunt con-
tact between grit and workpiece would cause a stress field of a
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Figure 30. Schematic illustrations of four types of diamond stylus tools.

Figure 31. Optical images of the scratched grooves at a load of 500 mN by a Vickers tip and two spherical tips in the scratching of CaF2
crystal. Reprinted from [147], Copyright (2020), with permission from John Wiley & Sons.

predominantly plastic (or quasi-plastic) response and predom-
inantly elastic response, respectively, in the subsurface of the
workpiece [37]. From this point of view, grits can be simply
classified into two categories, namely, sharp grit and blunt grit.
Although the plastic response tends to derive in sharp contact,
at the same time, the stress concentrations are more intense
and are thereby more likely to initiate crack growth in the
brittle materials [146]. Therefore, it is necessary to conduct
exploratory experiments to understand the effect of each grit
shape on grinding soft-brittle materials.

Nanoscratching tests have been widely recognized as an
effective method to explore material’s DBT, fractures, and
removal mechanisms. Since grit geometries are not identical,
the diamond stylus tools with typical tip shapes, such as
pyramidal, conical, and spherical tools, are usually used to
simulate the different sharpness of grits. In this way, the
machining characteristics related to the grit shape in the ultra-
precision grinding of soft-brittle materials can be investigated.
Figure 30 illustrates the schematics of four types of diamond
stylus tools, which are commonly used in nanoscratching tests.
Clearly, it is recognized that the Berkovich, Vickers, and con-
ical tools with tip radius on the submicron scale are sharp.
Material removal in terms of cutting and plowing can be real-
ized in nanoscratching, using such sharp tools. By contrast,
the spherical tool with a tip radius of several microns or larger
is blunt. In nanoscratching, blunt tools can remove material
through plowing and rubbing. Through analyzing the material
deformation behavior caused by these shapes of indenter, it is
possible to understand the role that various abrasive grit shapes
play during grinding. Combining statistical analysis helps to

optimize the number and distribution of various shapes of
abrasive grits.

In the scratching of CaF2 crystal, Suratwala et al [147]
reported that a spherical tip (with a tip radius of 10 µm) gen-
erates comparable or greater damages to the workpiece com-
pared with a sharp Vickers tip (with a tip radius of∼10 nm), as
shown in figures 31(a) and (b). However, when using a spher-
ical tip having a larger radius (∼200 µm) to scratch CaF2 crys-
tal, the damaged area of the workpiece is significantly reduced,
and the scratched groove is so shallow that it is hardly visible,
as shown in figure 31(c). This indicates that when the tool tip
is below a certain sharpness value, a sharper tip will remove
materials in a more ductile manner; however, if the tool tip is
beyond a certain sharpness value, the deformation behavior of
material will change to plowing-induced plastic deformation,
that is, the material plastically flows down the tip, also result-
ing in material deformation in a ductile manner.

Similarly, in the nanoscratching of KDP crystal [148–150],
at the normal force of 0.5mN, a Berkovich tip (with a tip radius
of∼150 nm) generates the highest coefficient of friction (CoF,
the ratio of measured lateral force to applied normal force); a
conical tip (with a tip radius of ∼500 nm) generated a moder-
ate CoF; while a spherical tip (with a tip radius of ∼1.22 µm)
generated the smallest CoF. The correspondingmorphology of
the scratched grooves indicates that, at a lower load, the sharp
tip can easily generate a strong stress field, facilitating the
material removal in ductile mode; in contrast, the stress fields
induced by the blunt tips are prone to cause plowing deform-
ation of the material. However, when further increasing the
normal load, the CoF of the blunt tip exceeds that of the sharp
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Table 3. The critical load/depth of ductile-brittle transition of soft-brittle materials in nanoscratching tests.

Material Tip geometry Critical load/depth Note

KDP Conical 1840 µN [151] (001) plane
(radius 0.5 µm) Scratching direction [100]

KDP Spherical 1670 nm a (001) plane
(radius unknown) 2850 nm b a Scratching direction [100]

1510 nm c [157] b Scratching direction [110]
c Scratching direction [010]

KDP Spherical 420 nm d Doubler plane
(radius 5 µm) 3610 nm e [158] Scratching direction ⊥ [110]

d At a temperature of 23 ◦C
e At a temperature of 170 ◦C

CaF2 Spherical 3.25 mN f f Direction of 60◦ on (111) plane
(radius 2.5 µm, 2.5 mN g g Direction of 90◦ on (110) plane
cone angle 45◦) 0.25 mN h [159] h Direction of 30◦ on (001) plane

tip, which indicates that the plowing effect weakens gradually
with increasing scratching depth/load. Therefore, compared to
a sharp tip, a blunt tip would produce higher tensile stress and
cause a more severe brittle fracture of the material.

The tip-induced stress fields in the workpiece are not only
determined by the tip radius, and the shape of the tip itself is
equally important. Li et al [151] proposed a factor, equival-
ent half cone angle, to describe the combined effect of tool
shape and tip radius, and then developed a predictive model
for a critical load of ductile-to-brittle transition of KDP crys-
tal. The predicted and experimental results show that the tip
having a larger equivalent half-cone angle leads to a higher
critical load of brittle fracture. Axinte et al [152] proposed a
concept of an active number of cutting edges (NoCE) for dia-
mond grit, ignoring the tip radius to investigate the influence of
grit geometry on the grinding behavior of materials. Based on
this concept, the conical and spherical tips belong to the circu-
lar frustum (active NoCE = 0), the Vickers tip and Berkovich
tip belong to the square frustum (active NoCE = 2), and the
triangular frustum (active NoCE = 3), respectively.

Active NoCE of 0 means circular symmetry, and hence the
conical and spherical tips are commonly used for exploring the
effect of crystal anisotropy on the values of critical load/depth
of DBT and the friction coefficient [153–155]. Several rep-
resentative experimental studies are listed in table 3. Through
the MD simulation of nanoindentation and nanoscratching of
KDP crystal, Yang et al [156] found that owing to the fact
that all hydrogen bonds (H-bonds) are parallel with the (001)
plane, but only 50%H-bonds are parallel with the (100) plane,
the (001) plane has stronger resistance to deformation than
the (100) plane in the normal direction. Thus, the atoms are
much easier to compress on the (100) surface than on the (001)
surface, as shown in figure 32. This clarifies, at an atomic level,
why the extent of subsurface damages and elastic recovery of
the material are highly sensitive to crystal planes.

However, a tip with large active NoCE is preferred to bet-
ter simulate the irregular diamond gits on the grinding wheel.
Therefore, the Berkovich tip having three side faces (also hav-
ing three edges) is thought to be closer than other tips to

the geometry of the grits [160]. Huang and Yan [161] used a
Berkovich tip to conduct nanoscratching tests along the face-
forward (FF) and edge-forward (EF) directions on the ZnSe
poly-crystal. The morphologies of the grooves scratched in
the two directions are shown in figure 33. It can be seen that
material removal in a ductile mode was obtained in the EF
scratching direction, while brittle fractures occurred in the FF
scratching direction. The Raman spectra indicate that tensile
residual stress and compressive residual stress are domin-
ant in the subsurface of the scratched groove in the FF and
EF directions, respectively. Besides, in both grooves, dense
and clear fishbone-like patterns caused by stick-slip motion
between the tip and the material can be observed even under an
extremely small load. This is quite different from the fishbone-
like patterns reported in hard-brittle materials [162–165] and
is supposed to be caused by the low hardness of ZnSe crystal.

5. Micro/nano burnishing

Most soft-brittle materials in table 1 are highly toxic to the
human body. Table 4 presents the potential health effect-
s/symptoms associated with their toxicity. Ultraprecision turn-
ing, grinding, and end milling processes will generate sub-
micron scale powder-type chips, which are easily inhaled
and can cause severe health hazards to operators. There-
fore, the machine tools must be equipped with chip collec-
tion vacuum systems, and the operators must wear protect-
ive equipment during those material removal processes, which
greatly increases the production costs and process complexity;
even then, health risks to operators still exist.

Burnishing is a surface finishing method that plastically
deforms the workpiece surface without material removal
[173, 174]. A schematic diagram of a ball burnishing process
is shown in figure 34. Conventional burnishing is usually
conducted on metals for making surface conditioning, such
as enhancing surface smoothness, wear resistance, and cor-
rosion resistance; closing porosity; and creating compressive
residual stresses [175, 176], in which a ball-shaped tool with
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Figure 32. Atomic distribution of KDP crystal: (a) side view, (b) cross-section during the scratching, and (c) cross-section after scratching,
when nanoscratching on (100) surface; and (d) side view, (e) cross-section during the scratching, and (f) cross-section after scratching, when
nanoscratching on (001) surface [156] (Reprinted from [156], Copyright (2021), with permission from Elsevier).

Figure 33. Scratching of ZnSe poly-crystal: SEM images of the groove morphologies resulting from Berkovich tip scratching at the load of
1 mN in the (a) face-forward direction and (b) edge-forward direction [161] (Reprinted from [161], Copyright (2021), with permission from
Elsevier).

a millimeter-level radius is used, and the burnishing force is
up to several tens of Newtons [177, 178]. Under these condi-
tions, local plastic deformation of workpiece material occurs
below the ball tool without any burr or chip formation due
to the extremely small ratio of burnishing depth to tool tip
radius.

In ultraprecision machining, where the undeformed chip
thickness is usually smaller than or comparable to the cutting
tool edge radius, chip formation may also not occur, i.e. no
material removal happens, due to the highly negative rake
angle of the tool. This situation is very similar to conventional
burnishing and tends to happen when the tool edge radius is on

25



Int. J. Extrem. Manuf. 5 (2023) 012003 Topical Review

Table 4. The potential health effects/symptoms of toxic soft-brittle materials.

Material Potential health effects/symptoms References

CdZnTe Toxic if swallowed. Fatal if inhaled. May cause cancer. [166]
Suspected of damaging fertility or the unborn child.
Causes damage to organs through prolonged or repeated exposure.

HgCdTe Mercury mainly affects the nervous system. [167]
Acute inhalation of cadmium fumes results in metal fume fever.
Ingestion of cadmium causes vomiting and diarrhea.

BaF2 Effects on reproductive health. [168]
Symptoms of somnolence (general depressed activity).

ZnSe Toxic if swallowed. Toxic if inhaled. Acute toxicity. [169]
Causes damage to organs through prolonged or repeated exposure.

KDP Skin symptoms: redness. Respiratory symptoms: cough. [170]
Symptoms of somnolence (general depressed activity).
Functional changes in the gastrointestinal system.

CaF2 Effects on fertility. [171]
Alters teeth and supporting structures.
Induces a change in blood or tissue levels.

ZnS Brain and coverings: changes in circulation. [172]
Blood: changes in leukocyte (WBC) count.

Figure 34. Machining model of ball burnishing process.

amicrometer-level and undeformed chip thickness is on a nano
scale. Therefore, in micro-nano scale, burnishing can deform
soft-brittle materials without brittle fractures and can create
shapes on workpiece surfaces like machining. At the same
time, the roughness of the machined surface can be improved.
Therefore, in the micro-nano scale, burnishing is an important
extension of machining.

By using a spherical diamond stylus tool with a radius
of 10 µm, under the burnishing force of 2 mN, Huang and
Yan [179] successfully made a groove-crossing grid and
groove-overlapping grid patterns on the surface of ZnSe poly-
crystal, as shown in figure 35, demonstrating the possibility
of manufacturing microstructures on toxic soft-brittle mater-
ials without chip generation. The deepest part of the patterns
reached about 30 nm. When the burnishing force increased to
5 mN (the corresponding depth was around 120 nm), cracks
started to grow on the surface. When the burnishing force

increased to 10 mN (the corresponding depth was around
208 nm), though more cracks appeared on the burnished sur-
face, the material was still plastically deformed without chip
generation. The subsurface damages of the burnished surface
at the load of 10 mN were characterized via cross-sectional
TEM observation, as shown in figure 36(a). It was found
that lattice distortions and dislocations occurred within the
shallow subsurface due to the micro/nano burnishing, but no
amorphization was observed. Moreover, the workpiece mater-
ial directly beneath the tip suffered a combined effect of
shear stress and tensile stress, and as a result, crack propaga-
tion not only occurred along the direction parallel to the slip
band but also tended to deflect in the direction perpendicu-
lar to the burnishing direction, as highlighted in the red box.
According to electron backscatter diffraction analysis (see
figures 36(b)–(d)), it is clear that the extent of subsurface dam-
age in each grain was different due to the varied grain orient-
ations and the blocking of grain boundaries. This preliminary
experiment indicated the feasibility of burnishing soft-brittle
materials, but the brittle fracture could occur before material
removal. In other words, the brittleness of the material largely
determines the depth of ductile burnishing.

6. Comparison of machining mechanisms

The machining characteristics of soft-brittle materials are
affected by processing methods with different geometries of
tools. The main features of turning, end milling, grinding, and
burnishing processes for the ultraprecision machining of soft-
brittle materials are listed in figure 37. Specifically, the cutting
tools for turning and end milling have similar geometry of tool
edge, though their tool tip has different shapes; therefore, the
mechanisms of material removal and surface formation during
turning and end milling are similar. In general, a tool with a
negative rake angle (−20◦ to −45◦) and a relief angle (∼9◦)
is recommended to enhance the hydrostatic pressure beneath
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Figure 35. Micro/nano burnishing of ZnSe poly-crystal: (a) SEM image and (b) 3D topography of a groove-crossing grid microstructure;
(c) SEM image and (d) 3D topography of a groove-overlapping grid microstructure [179] (Reprinted from [179], Copyright (2021), with
permission from Elsevier).

the tool during turning and end milling, which leads to ductile
mode machining of soft-brittle materials [92, 119]. Further-
more, a sharp cutting edge is preferred because it promotes
shear deformation of workpiece material and suppresses the
plowing effect during cutting. It is important to note, how-
ever, that the cutting edge of a milling cutter is much blunter
than that of a single-point diamond tool for turning due to the
restrictions of tool materials (e.g. sintered materials). Hence,
the roughness of a milled surface is not as good as that of a
diamond-turned surface. A blunt edge induces a highly neg-
ative effective rake angle, causing a significant plowing effect
that deteriorates the surface finish. Nonetheless, given the fact
that the milling cutter performs a rotary movement (primary
motion), the burrs due to the plowing effect may be removed
by the multiple tool passes of a rotating tool with a transverse
feed motion. As a result, microgrooves with a very smooth
surface can be created due to the cross-smoothing effect, even
though the tool edge itself is not smooth with protrusions or
wear marks [96].

Different from the tools of turning and end milling pro-
cesses, which have well-defined edge geometry, the grits of
grinding have random geometries and edge/face orientations.
In general, fine, and uniform diamond grits are more likely to
cause material removal in a ductile mode [138]. Additionally,
the orientation of grit greatly affects the deformation beha-
vior of the material, as demonstrated by nanoscratching tests.

In particular, shear deformation in front of the tool tip is the
predominant deformation behavior in the scratch in the FF
direction, whereas the side flow of the material dominates the
deformation behavior during scratching in the EF direction.
Consequently, tensile residual stress was dominant in the sub-
surface of the scratched groove in the FF direction. In con-
trast, compressive residual stress was dominant in the subsur-
face of the scratched groove in the EF direction [161]. How-
ever, the surface is enveloped by multiple passes of randomly
distributed/oriented grains in an actual grinding process. Thus,
the sharp grits-induced large ratio of machining depth to tool
edge radius may produce material shearing and extrusion; the
blunt grits-induced small ratio of machining depth to tool edge
radius may cause a plowing and rubbing effect. By optimizing
the grinding conditions, the statistical nature of grinding can
make a surface smooth and uniform.

From diamond turning to micro end milling, the tool edge
radius is increased, and the material removal behavior changes
from shearing and extrusion to extrusion and plowing. If the
tool edge radius is significantly increased, the tool can be used
for burnishing. In the burnishing process, no material will be
removed from the workpiece, i.e. no chip/debris formation, but
the material undergoes local plastic deformation [179]. This is
realized by an extremely small ratio of burnishing depth to tool
edge radius; meanwhile, the burnishing depth is controlled at
tens to hundreds of nanometers. After the burnishing process,
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Figure 36. Results of micro/nano burnishing of ZnSe poly-crystal: (a) an overall cross-sectional TEM image of the subsurface of burnished
groove; figures A1, 2, and B1, 2 are SAED patterns of corresponding areas circled in (a). (b) IPF map of the region outlined by the yellow
box in (a). (c) Misorientation angle profile along Line PP′ marked in (b). (d) KAM map of the region outlined by the yellow box in (a) [179]
(Reprinted from [179], Copyright (2021), with permission from Elsevier).

compressive residual stresses in the subsurface will be created,
and the smoothness of the surface can be improved.

Although soft-brittle and hard-brittle materials can be
machined in ductile mode, they exhibit distinct hard-
ness, leading to different machining characteristics.
Table 5 compares the differences between the machining
characteristics of soft-brittle and hard-brittle materials. For
processing soft-brittle materials, there are few reports on the
amorphization of machined subsurfaces. Their subsurface
damage includes mainly dislocations, nanocrystals, and lat-
tice distortions [69, 80, 140, 179]. Figure 38(a) shows a TEM
image for the subsurface of CaF2 crystal as an example. In
contrast, the amorphous phase in the machined subsurface
of hard-brittle materials is significant, and the thickness of
the amorphous layer is affected by the geometry of cutting
tools [32, 141]. Figure 38(b) shows a TEM image for the
subsurface of Si crystal as an example. The reason why the
soft-brittle materials can hardly generate an amorphous phase
may be attributed to the relatively low hydrostatic pressure
during machining, which is caused by the low hardness of
the workpiece material [17]. As a result, the phase stability
of the lattice structure cannot be broken at low hydrostatic

pressure. Therefore, the phase transformation of the material
may not occur or be reversible after decompression [180], but
the damages in terms of dislocations, nanocrystals, and lattice
distortions are formed and remain in the subsurface. Besides,
the low hardness of soft-brittle materials can also cause dif-
ferent surface morphology. In the nanoscratching tests using
a sharp Berkovich tip, dense and clear fishbone-like patterns
start to form on soft-brittle material at an extremely small
load, as shown in figure 38(c) [161]. This is because stick-slip
behavior occurs during nanoscratching. In the stick state,
the creep deformation is significant due to the low hardness
of the material. Therefore, the fluctuation of the penetration
depth of the indenter is significant when the stick and slip
state alternate. However, for the nanoscratching of hard-brittle
materials; though stick-slip behavior occurs as well, the creep
deformation is not significant. Therefore, the critical load
for the formation of fishbone-like patterns is higher, and the
formed patterns are sparse and shallower (see figure 38(d))
[162–165]. As affected by different hardness, some other
material properties, such as thermal conductivity, thermal
expansion coefficient, elastic modulus, etc, may become more
influential in the formation of microfractures. Consequently,
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Figure 37. The main features of various processing methods for the ultraprecision machining of soft-brittle materials.

in addition to generating micron-sized craters, which are sim-
ilar to those defects observed in hard-brittle materials, on
the machined surface of soft-brittle materials, hundreds of
microns of craters and submicron pits could also be formed
under certain special machining conditions. For example,

the former can be generated on CaF2 crystal, as shown in
figure 38(e), when cutting fluid is applied and the tool feed
rate is low. This is caused by the thermal effects because of the
low thermal conductivity and high thermal expansion coeffi-
cient of the material [77]. The latter can be generated on ZnSe

29



Int. J. Extrem. Manuf. 5 (2023) 012003 Topical Review

Table 5. Comparison of the differences between machining characteristics of soft-brittle and hard-brittle materials.

Types of
materials

Subsurface damages and surface morphologies

Microstructural changes Surface patterns Microfracture types

Soft-brittle
materials

Phenomena No phase transformation
during turning [17, 69,
80], and grinding [140]

Low critical load for the
formation & dense
distribution in
nanoscratching [161]

Submillimeter-sized
crater [77] & submicron
pits [17] in turning

Features Dislocations without
amorphous phase (see
figure 38(a))

Dense fishbone-like
patterns (see figure 38(c))

Submillimeter-sized
crater (see figure 38(e)),
and submicron pits (see
figure 38(f))

Mechanisms Low machining pressure
is produced due to the low
hardness of material.
Phase stability of the
lattice structure cannot be
broken at the low
machining pressure.

Stick-slip behavior occurs
during nanoscratching.
Creep deformation is
significant due to the low
hardness of material.

Submillimeter-sized
crater is caused by the
thermal effects.
Submicron pits are caused
by the tearing effects
during material elastic
recovery.

Hard-brittle
materials

Phenomena Phase transformation
during turning [32, 181]
and grinding [141, 142]

High critical load for the
formation & Sparse
distribution in
nanoscratching [162–165]

Few microns craters [76,
91, 182] in turning

Features Dislocations with
amorphous phase (see
figure 38(b))

Sparse fishbone-like
patterns (see figure 38(d))

Few microns craters (see
figure 38(g))

Mechanisms High machining pressure
is produced due to the
high hardness of material.
Phase stability of the
lattice structure is broken
at the high machining
pressure.

Stick-slip behavior occurs
during nanoscratching.
Creep deformation is
insignificant due to the
high hardness of material.

Large tensile stress is
concentrated in the
vicinity of the cutting
edge, and cleavage
fractures initiate as the
tool advances.

crystals, as shown in figure 38(f), when a large relief angle
tool is used, and the tool feed rate is low. This is caused by
the tearing effects during the elastic recovery of the material,
because of the significant plastic flow of material beneath the
tool [17]. By contrast, for hard-brittle materials, the surface

damages are usually micron-sized craters (see figure 38(g)),
which are formed under a large feed rate. Because large tensile
stress is concentrated in the vicinity of the cutting edge, and
cleavage fracture initiates as the tool advances due to the low
fracture toughness of the material.
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Figure 38. Typical features of the subsurface damages and surface morphologies of soft-brittle and hard-brittle materials: (a) dislocation in
CaF2 subsurface [69] (Reprinted from [69], Copyright (2015), with permission from Elsevier), (b) phase transformation in Si subsurface
[32] (Reprinted from [32], Copyright (2009), with permission from Elsevier), (c) dense fishbone-like patterns on polycrystalline ZnSe
surface [161] (Reprinted from [161], Copyright (2021), with permission from Elsevier), (d) sparse fishbone-like patterns on Lu2O3 surface
[164] (Reprinted from [164], Copyright (2018), with permission from Elsevier), (e) hundreds-of-microns sized crater on CaF2 surface [77]
(Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, The International Journal of Advanced
Manufacturing Technology [77], Copyright (2004)), (f) submicron pits on polycrystalline ZnSe surface [17] (Reprinted from [17],
Copyright (2020), with permission from Elsevier), (g) few microns craters on Si surface [76] (Reprinted from [76], Copyright (2002), with
permission from Elsevier).

7. Summary and outlook

7.1. Summary

Soft-brittle materials have important applications in optic and
optoelectronic industries, but their ultraprecision machining is
difficult. Due to the low hardness, the machining character-
istics of soft-brittle materials differ from those of hard-brittle
materials. Moreover, the machiningmechanisms of soft-brittle
materials in various processing methods are different. In this
article, major types of ultra-precision machining technolo-
gies of soft-brittle materials, which utilize tools with different
geometries, were reviewed and compared. The special features
of the machining mechanisms of soft-brittle materials and the
different/common aspects among different processing meth-
ods were identified.

Some key points for the individual processing methods are
listed below.

• In ultraprecision diamond turning, a tool with a large tool
nose radius, negative rake angle, and small edge radius is
beneficial to the ductile machining of soft-brittle materials.
However, this tool geometry may also cause more serious
subsurface damages, such as dislocations and phase trans-
formation. Nonetheless, no subsurface amorphous layer is
generated on the machined surface of soft-brittle materials
because the phase transformation generated in machining
is reversible after decompression. This results in a stronger
anisotropy behavior in the machining of soft-brittle materi-
als. Thermally-induced cracks occur for soft-brittle materi-
als but do not occur for hard-brittle materials.

• In micro end milling, a cutter with a ball-end shape and a
sharp cutting edge is desired, which is useful for repairing
micro-defects in soft-brittle materials. A negative rake angle
cutter with a positive inclination angle is beneficial for the
ductile mode machining of soft-brittle materials.
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Table 6. Summary of machining characteristics of various processing methods for ultraprecision machining soft-brittle materials.

Machining method Tool geometry Machining mechanism Applications

Diamond turning Specific shape, rake angle,
and relief angle

Sharp edge radius

Material removal at the
nanoscale by shear
deformation and extrusion

Fabricating flat and
complex-shape surfaces,
such as freeform surfaces
and microgroove structures

Micro end milling Specific shape, rake angle,
and relief angle

Moderate edge radius

Material removal at
submicron scale by
extrusion and plowing

Fabricating slot with sharp
perpendicular edges

Repairing micro-defects on
the large-size parts

Ultraprecision grinding Random shape, size, and
orientation

Material removal at the
nanoscale by multiple
passes of grits through shear
deformation and side flow

Batch processing of parts
having a flat surface
Fabricating microgroove
structures

Micro/nano burnishing Specific shape and blunt tip
radius

Nanoscale local plastic
deformation of material
occurs below the tool
without material removal

Producing micro/nanoscale
surface structures

• In ultraprecision grinding, the extent of the damages in the
machined subsurface layer decreases with decreasing grit
size. Amorphous phase has not been formed in the subsur-
face of ground soft-brittle material, which is different from
that in the grinding of hard-brittle materials. Nanoscratch-
ing tests indicate that dense and clear fishbone-like patterns
will form on soft-brittle material even under extremely small
loads due to its low hardness.

• In micro/nano burnishing, soft-brittle materials can be
plastically deformed without generating cutting chips,
which is useful for preventing health hazards when
machining toxic soft-brittle materials. Micro/nanoscale
surface structures can be fabricated on soft-brittle materi-
als in a ductile mode under the condition that a ball-shaped
tool has a micrometer-level radius and the burnishing depth
is controlled on the nanometer scale. Local lattice distortion
appears in the subsurface layer due to plastic deformation,
but no phase transformation occurs.

Based on the review of individual processing methods,
a comparison of tool geometries, process mechanisms, and
applications can be made, as summarized in table 6.

Ultraprecision diamond turning, micro end milling, and
ultraprecision grinding are material removal processes.
Among them, turning and grinding can achieve nanomet-
ric surface roughness by nanoscale material removal, which
results from the single-point cutting actions of an extremely
sharp cutting edge (tens of nanometers) and the multipoint
cutting actions of ultrafine diamond grits (a few microns),
respectively. For ductile mode diamond turning, the material
is mainly removed by shear deformation and extrusion, being
jointly determined by the undeformed chip thickness and edge
radius of the tool. In contrast, for ductile mode grinding, the
material is removed by shear deformation and side flow, which
depends on the orientation of the grits. Since the material is

scratched by multiple passes of the randomly distributed and
orientated grits, the statistical nature of grinding can make a
surface smooth and uniform. Milling generates submicron-
scale material removal using relatively blunt cutting edges,
which has a higher material removal rate but causes rougher
machined surfaces. This is because, in addition to shearing and
extrusion deformation like turning, the material may undergo
plowing deformation due to the relatively small ratio of unde-
formed chip thickness to tool edge radius.

Turning and milling can fabricate complex shapes on soft-
brittle materials, and their machining mechanisms are similar,
though their tool edge radius is different. A sharp tool edge and
a negative tool rake angle are generally preferred in cutting and
milling to achieve ductile mode machining. Grinding is suit-
able for batch-processing flat surfaces on soft-brittle materials
usingmany diamond grits with random shapes and sizes. Since
a sharp contact between grit and workpiece within a sub-
threshold (crack-free) yield zone is prone to offer a ductile
mode material removal, fine and uniform diamond grits are
preferred to achieve ductile mode machining.

Micro/nano burnishing is a surface layer deformation pro-
cess without material removal, and thus is an eco-friendly
machining method for toxic soft-brittle materials. During the
burnishing of soft-brittle material, local plastic deformation of
material occurs below the tool without any burr or chip form-
ation by using a ball-shaped tool having a micrometer-level
radius and controlling the burnishing depth at a nanoscale.
This method can be applied to producing micro/nanoscale sur-
face structures on soft-brittle materials.

7.2. Future perspectives

To advance the engineering applications of ultraprecision
machining of soft brittle materials, a few future perspectives
are given as follows:
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7.2.1. Process optimization. Although several works have
focused on the ultraprecision machining of soft-brittle mater-
ials, the fundamental research is still limited compared to
that of hard-brittle materials. Currently, the machining con-
ditions are usually selected empirically based on those of
hard-brittle materials. Additionally, many auxiliary machining
methods have been developed for machining hard-brittle
materials, such as ion implantation-assisted machining and
laser-assisted machining [183]. However, since the essential
purpose of these methods is to reduce the hardness of the
materials, they are not very effective for processing innately
soft materials. There are many different machining character-
istics between soft-brittle and hard-brittle materials, as presen-
ted in table 5. For example, one important difference is that
hydrostatic pressure in the machining region of soft-brittle
material is relatively lower, which makes the material more
susceptible to tensile stress during processing, resulting in
brittle fractures. Developing an enhanced localized hydro-
static pressure-assisted machining device may be helpful for
the ductile machining of soft-brittle materials. Therefore, the
optimization of machining conditions and developing auxili-
ary machining methods for soft-brittle materials based on their
special features is an important task.

7.2.2. Chip disposal. Most soft-brittle materials listed in
table 4 are highly toxic. Due to the soft brittle nature of the
material, the chips are easily broken into submicron scale
powders. Submicron scale powder-type chips generated in
turning, milling, and grinding processes are easily inhaled
and cause severe health hazards to operators. Therefore, chip
disposal in machine tools must be considered to prevent the
operators from inhaling or exposing to those toxic powders.
This is a major factoring limiting the advance of the machin-
ing technology of soft brittle materials. A higher-standard
laboratory environment is required when performing experi-
ments on these materials. Therefore, a portable, universal, and
efficient chip collection unit is necessary for machine tools in
the laboratory and would consequently promote the research
from the institution’s side. After releasing the health hazards
and pollution concerns, the effects of temperature and cutting
fluids on the material removal behaviors need to be systemat-
ically investigated.

7.2.3. Cutting fluids. In the machining of metals and hard
brittle materials, cutting fluids can decrease tool-chip friction
and flush away chips, thus providing better dimensional accur-
acy and finish on the workpiece [184]. However, cutting flu-
ids may deteriorate the machined surface quality of soft-brittle
materials. This is because thermal cracks can occur during the
wet machining of CaF2 crystal and other soft-brittle materi-
als that possess low thermal conductivity and a high thermal
expansion coefficient. In addition, KDP crystal and some halo-
genide single crystals, such as LiF and NaCl, are hygroscopic
and deliquescent. Condensation of water vapor onto the crys-
tals will cause surface degradation [185]. Although it has been
reported that light mineral oil can be used as the cutting fluid
and subsequently cleaned by toluene [186], the processing

environment is not eco-friendly and is a hazard to operators.
Today, dry cutting conditions with precise humidity control
are usually used in the diamond turning of hygroscopic and
deliquescent materials. As an alternative, there is a demand for
the development of special cutting fluids for machining hygro-
scopic and deliquescent materials. For the machining of poly-
mers, the chip adhesion on the cutting tool, which is caused by
the low melting point of the material and the high temperature
generated in the heat-affected zone during machining, would
inevitably produce adhesive tool wear and a poor surface finish
on the machined part. Developing cutting fluids that is highly
effective in cooling and lubricating has been considered the
key to lowering the adhesive tool wear [187].

7.2.4. Edge chipping prevention. Owing to the low hardness
property, when cutting tools start machining the workpiece
from the edge to the center, chippings are easily formed along
the edge, though the inner area can be machined in ductile
mode. The cracks that extend from the edge will greatly reduce
the usable area of lenses and decrease the optical perform-
ance and lifespan of the functional parts. Similarly, fabricat-
ing sharp edge structures, such as groove arrays, on soft-brittle
materials without chipping is also challenging, as mentioned
in figures 13 and 23. Preliminary experiments have shown that
workpiece pre-coating effectively prevents crack formation at
the groove edges when cutting micro V-shaped grooves on the
soft-brittle material [78]. However, the coated material may
also bring other problems, such as causing tool chatter and
being difficult to clean off the workpiece. Therefore, further
development of workpiece pre-coating to help inhibit edge
chipping is desired. In addition, vibration-assisted machining
is an effective method to reduce instantaneous cutting force;
thus, this method may be helpful in suppressing the formation
of chipping on sharp edge structures of soft-brittle materials.
However, this opinion has yet to be verified, because little
research has been done so far on the vibration-assistedmachin-
ing of soft-brittle materials.

7.2.5. Workpiece chucking. A vacuum chuck or waxmount-
ing is usually used to hold the workpiece for ultraprecision
machining. However, it has been reported that vacuum suc-
tion deformation is an important error source affecting the fab-
ricated form error of soft-brittle materials, and the magnitude
of the error depends on vacuum suction pressure and datum
figure accuracy [188]. Therefore, optimization of vacuum suc-
tion pressure and layout of vacuum suction positions based on
datum figure accuracy, as well as compensation of the tool
path are necessary for improving the form accuracy of the
machined surface. Furthermore, vacuum chucking and wax
mounting are only effective when holding a wafer with a large
flat surface area to thickness ratio, but not suitable for hold-
ing a rod, such as optical microcavity [71], which has a large
length-diameter ratio. In nano-cutting of a rod-shaped soft-
brittle material, chatter vibration can occur due to the low stiff-
ness of the material [69]. Obviously, rod-shaped soft-brittle
materials cannot be clamped with a three-jaw universal chuck
like that used in clamping steel rods. Therefore, developing a
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clamping technique for turning rod-shaped soft-brittle mater-
ials is also needed. The workpiece unbalance, deflection, and
surface scratch/contamination in the chucking stage are crit-
ical issues for ultraprecision machining soft-brittle materials.

7.2.6. Noncontact measurement. After obtaining a high-
quality surface finish on soft-brittle materials, the work-
piece must be carefully stored and prevented from generat-
ing scratches in the transportation process. However, there are
occasions when the finished surface must come into contact
with another object. For example, the contact measurement
of surface topography, during which the probe will scan the
workpiece surface in a contact mode, may cause scratches on
the finished surface. Although some light interference-based
non-contactmeasurements exist, themeasurement range is rel-
atively small. Contact measurement is still the primary method
for measuring a large workpiece. How to avoid scratches in
contact measurement or develop non-contact equipment for
large-size workpiece measurement should be considered.

7.2.7. Process modeling. Some phenomena observed in
machining soft-brittle materials, such as the reverse phase
transformation in cutting ZnSe, and subsurface damages
without amorphous phase in cutting CaF2 and grinding
CdZnTe, differ from those in machining hard-brittle materi-
als. So far, there is no report of MD simulation revealing the
process of reversible phase transformation in the machining
of soft-brittle materials. Therefore, the new models for soft-
brittle materials that have reliable interatomic force defini-
tion, proper types of bonding, and correct crystal structure
are expected to be established, and thus accurately describe
the constitutive variations of the atomic structures of the
soft-brittle materials. This will help illuminate the subsurface
defect formation and phase changes of soft-brittle materials at
the atomic scale through MDs simulation.
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