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A B S T R A C T   

Single-crystal calcium fluoride (CaF2) is considered a superior optical material with good transmittance in a wide 
transmitted wavelength region. However, the production of high surface quality freeform surfaces on CaF2 is 
difficult owing to its soft, brittle, and anisotropic properties. This study attempted to fabricate spherical and 
hexagonal microlens arrays on CaF2 using diamond turning with a slow tool servo. In addition, the machining 
characteristics of CaF2 were systematically investigated. It was found that microcracks tended to be generated in 
the cut-in and cut-out regions of the lenses. When cutting along the [− 211] and [11 − 2] directions, the 
machined surfaces were very prone to cracking. When reducing the maximum undeformed chip thickness to less 
than approximately 60 nm, continuous ribbon-like chips were formed throughout the cutting process, and all 
lenses were machined in ductile mode without surface cracking. In addition, a spherical microlens array was 
successfully fabricated in ductile mode with a surface roughness of approximately 2 nm Sa. Consequently, a 
hexagonal microlens array with sharp edges and crack-free surfaces was achieved using the proposed depth- 
offsetting segment cutting method. The surface roughness was approximately 4.1 nm Sa with a form error of 
approximately 147 nm P-V (peak to valley). Tool wear was insignificant until a machining distance of approx
imately 50 m; however, with further increase in the machining distance, crater wear and microchipping were 
observed. This study demonstrated the feasibility of fabricating high-quality freeform microstructured surfaces 
on CaF2 and other soft-brittle materials via diamond turning.   

1. Introduction 

Single-crystal calcium fluoride (CaF2) is extensively used in optical 
applications, such as microscopy, photography, and medical laser in
struments, owing to its excellent optical performance, including low 
dispersion, low anomalous dispersion, and good transmittance in a wide 
transmitted wavelength region (Namba et al., 2004; Huang and Yan, 
2023). It exhibits superior optical properties compared to polymers and 
glass materials in the UV and IR wavelength ranges. Recently, freeform 
optics have been widely used for virtual reality (VR), augmented reality 
(AR), displays, and portable/wearable optical devices. Most freeform 
optics are made of polymers or glass materials using thermal molding 
processes, such as injection molding (Zhang et al., 2022) or press 
molding (Zhou et al., 2023). The mold inserts used in molding processes 
have freeform structures, which are typically fabricated via ultrapreci
sion cutting (Yuan et al., 2020; Zhang et al., 2020a). However, in case of 
CaF2 crystals, freeform surfaces cannot be produced by molding pro
cesses. The machinability of CaF2 is poor owing to its low hardness and 

high brittleness. Consequently, the conventional method for achieving 
optical surfaces on CaF2 is grinding, followed by chemical-mechanical 
polishing (Namba et al., 2005). However, these methods limit the 
shape flexibility and form accuracy when machining freeform and 
microstructured surfaces, which are increasingly demanded in advanced 
optical systems. As an alternative, ultraprecision diamond cutting is an 
effective method for fabricating freeform surfaces with good surface 
quality and shape accuracy on brittle materials (Wang et al., 2021; Chen 
et al., 2022). Several studies attempted to cut freeform surfaces on 
hard-brittle materials, such as germanium (Li et al., 2017; Guo et al., 
2022a) and silicon (Mukaida and Yan, 2017a; Sun et al., 2018). How
ever, CaF2, which is a soft-brittle material, exhibits a stronger anisotropy 
of fracture toughness than hard-brittle materials (Huang and Yan, 
2023). Moreover, its low hardness and high thermal-expansion coeffi
cient result in unique machining characteristics. Consequently, creating 
crack-free structured surfaces on CaF2 is challenging. 

Yan et al. (2003) conducted diamond cutting experiments on CaF2 
with straight-nose tools. When machining at large feed rates, the CaF2 
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surface generated microcracks similar to other brittle materials such as 
silicon. However, when machining under wet conditions with extremely 
low feed rates, instead of forming crack-free surfaces as in silicon, the 
CaF2 surface was generated with cracks measuring several hundreds of 
microns. Such large surface cracks are thought to be caused by the high 
thermal expansion coefficient of the materials because these cracks 
disappear when machining is performed under dry conditions.　Kaki
numa et al. (2015) machined CaF2 surfaces using diamond turning and 
characterized their subsurface microstructure. They found that dislo
cations and subgrains were the primary forms of subsurface damage of 
CaF2, and no amorphization occurred. This is in contrast to the sub
surface damage of hard and brittle materials, such as silicon, where an 
amorphous layers form immediately below the machined surfaces (Yan 
et al., 2009). In addition, cutting CaF2 using a 0◦ rake angle diamond 
tool can produce less subsurface damage than that when using a nega
tive rake angle tool. Mizumoto and Kakinuma (2018) investigated the 
influences of crystallographic orientations on the brittle-to-ductile 
transition of CaF2 through several plunge-cut experiments in various 
cutting directions. They found that material deformation behaviors were 
mainly determined by primary slip systems {100}< 110 > , cleavage 
planes {111}, and partial cleavage planes {110}. Komiya et al. (2018) 
applied the fly cutting method to fabricate micro-grooves on CaF2 using 
diamond tools with square tips for creating sharp edges of the grooves. 
Micro chippings easily occurred at the edges of the grooves, and a 
down-cut could achieve a higher critical undeformed chip thickness for 
ductile-to-brittle transition than in case of an up-cut. Chen et al. (2017a) 
conducted scratching tests on CaF2 wafers with different crystal planes 
and scratched along various crystal orientations using spherical dia
mond tips to investigate the material removal of CaF2 related to 
anisotropy. The maximum critical load for scratching CaF2 in the ductile 
mode was achieved on the (111) plane. Chen et al. (2017b) optimized 
cutting parameters and machined a flat surface on CaF2 in ductile mode 
with a surface roughness of 2.8 nm Ra. To enhance ductile-mode 
machining of CaF2, Lee et al. (2021) coated CaF2 workpiece with 
epoxy resin before the cutting process; Guo et al. (2022b) applied weak 
magnetic fields in the cutting of CaF2; and Wang et al. (2016a) cut CaF2 
at elevated temperatures. Plunge-cut experiments were performed using 
these techniques to validate their effectiveness. Bodlapati et al. (2021) 
studied the influence of anisotropy on the machining characteristics of 
CaF2 via laser-assisted diamond turning and reported that machining the 
(100) crystal plane resulted in less tool wear than machining the (211) 
and (111) crystal planes. Moreover, fundamental investigations on the 
effects of tool geometry (Chen et al., 2012) and crystal anisotropy (Wang 
et al., 2016b) on material deformation behaviors in diamond cutting 
CaF2 were conducted using finite element method (FEM) simulations. 
Guo et al. (2023) conducted molecular dynamics simulations to reveal 
the behavior of magnetoplasticity during CaF2 deformation. 

Despite the several attempts to understand the cutting mechanisms 
and improve the machinability of CaF2, studies on the cutting of CaF2 for 
freeform surfaces are scarce. Zhang et al. (2020b) sculptured a hexag
onal microlens array on CaF2 using an elliptical vibration diamond 
cutting device that could control the vibration amplitude of tools. 
However, in this machining process, each lens was created by 
single-pass cutting without a feed motion perpendicular to the cutting 
direction. Thus, the parameters of the lenses, such as the diameter and 
curvature radius of the machined lenses, were only determined by the 
depth of the cut and tool nose radius. Consequently, the shape flexibility 
of the lenses is limited. In addition, the machining characteristics in the 
single-pass cutting of lenses on CaF2 are yet to be investigated. To ma
chine a freeform microstructured surface of any shape, tool feeding 
perpendicular to the cutting direction is required to fabricate a tool 
envelope surface (Zhu et al., 2018). The geometry of chips continuously 
changes along the direction of tool feeding, and the distance between the 
finished surface and the critical undeformed chip thickness for gener
ating cracks varies at different tool positions (Yu et al., 2011; Mukaida 
and Yan, 2017a). Thus, the process of multi-pass cutting to form a tool 

envelope surface is more complicated than that of single-pass cutting. 
Till date, there no studies on the fabrication of freeform surfaces on CaF2 
by ultraprecision diamond turning, which generates an envelope of 
continuous tool-edge profiles in the feed direction. Moreover, the effect 
of the unique material properties, including low hardness, high brittle
ness, strong anisotropy, and low thermal conductivity on the machining 
performance when turning freeform surfaces on CaF2 remains unclear. 

In this study, the fundamental machining characteristics of freeform 
surfaces on CaF2 using ultraprecision diamond turning were explored. 
The surface topography, chip formation, cutting forces, and tool wear 
were systematically investigated in the cutting experiments of spherical 
microlens arrays. Optimal conditions for achieving ductile-mode cutting 
were identified. In addition, a depth-offsetting segment cutting method 
was proposed to fabricate hexagonal microlens arrays on CaF2 by pre
venting crack generation. The results of this study are expected to 
contribute to the ultraprecision machining of freeform surfaces on CaF2 
and other soft-brittle materials. 

2. Experimental procedure 

2.1. Experimental setup 

The workpiece was a single-crystal calcium fluoride CaF2 (111) 
cylinder with a diameter and thickness of 50 and 10 mm, respectively. 
An ultraprecision machine tool Nanoform X (AMETEK Precitech Inc., 
USA) that enables simultaneous 4-axis (XZCB) movements was used to 
fabricate freeform surfaces, as shown in Fig. 1(a). Further, the Z-axis 
comprised a slow tool servo (STS) system. The workpiece was vacuum- 
chucked on the workpiece spindle (C-axis). A diamond tool with 0.1 mm 
nose radius (R), − 20◦ rake angle, and 28◦ relief angle was fixed on a tool 
holder. A piezoelectric dynamometer Kistler 9256C2 was placed below 
the tool holder to measure the cutting forces during machining. The 

Fig. 1. Experimental setup of diamond turning: (a) photograph of the cutting 
system, and (b) schematic of the fabrication process of a concave microlens by 
slow tool servo. 
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sampling frequency for collecting forces was set to 1 kHz. Before fabri
cating the microlens arrays, surface flattening was performed on the 
CaF2 workpiece to ensure that the workpiece surface was parallel to the 
X–Y plane of the machine tool. Schematics of the diamond turning of 
microlenses assisted by the STS system are shown in Fig. 1(b). The 
rotation of the workpiece spindle was synchronized with the tool feed 
along the X-axis and the tool servo motion along the Z-axis. In each 
rotation, the servo movement of the tool along the Z-axis direction was 
performed to cut the workpieces at varying depths. Meanwhile, the 
continuous tool feed along the X-axis direction generated an envelope 
curve to form a complete spherical dimple. Therefore, freeform surfaces 
can be generated on the workpiece based on a tool-path program con
taining the X-, Z-, and C-axis coordinates. While cutting the microlenses, 
the tool only cut the workpiece at the position where a designed lens was 
present, whereas in other positions, air cutting was performed. 

2.2. Fabricating microlens arrays 

As a test cut, a spherical microlens array was fabricated on the (111) 
crystal plane of CaF2, as shown in Fig. 2(a). The design of the spherical 
microlens array and the crystal orientation-dependent cutting directions 
are illustrated in Fig. 2(b). The microlens array comprised 12 dimples 
designed with a diameter, depth (D), and curvature radius (Rd) of 
320 µm, 5 µm, and 2.5625 mm, respectively. These dimples were 
distributed on a circle with a radius of 1 mm. The angular pitch of the 
dimples was 30◦. When cutting the dimples at angular positions C = 0◦, 
60◦, 120◦, 180◦, 240◦, and 300◦, the cutting directions were the 
< 112 > crystallographic directions, and when cutting the dimples at 
angular positions C = 30◦, 90◦, 150◦, 210◦, 270◦, and 330◦, they were 
< 110 > crystallographic directions. 

As another test cut, a hexagonal microlens array was fabricated on 
the (111) crystal plane of CaF2. The hexagonal microlens array, with no 
gaps between the lenses, has the highest ratio of lens area to the total 
area. A uniform light distribution can be obtained when a point or line 
light source passes through this microlens array. Thus, hexagonal 
microlens arrays have wide applications in optics, such as bionic com
pound eyes (Yang et al., 2018) and Shack-Hartmann wavefront sensors 
(Zhang et al., 2018). The generation principle of the hexagonal micro
lens arrays is shown in Fig. 3(a). A central spherical lens is surrounded 
by six evenly spaced lenses of the same size as the central spherical lens; 
the surrounding six lenses partially overlap with the central lens to cause 
the entire edge of the central lens to interfere with these lenses. 
Consequently, the central lens becomes hexagonal in shape, and other 
hexagonal lenses can be fabricated in the same manner. Fig. 3(b) shows 
the design of the hexagonal microlens array and the crystal 
orientation-dependent cutting directions. Multiple dimples with depth 
(D) and curvature radius (Rd) of 5 µm and 2.5625 mm, respectively, 
intersected each other. They formed an array of regular hexagonal 
lenses, where the length of the side of a hexagon was 160 µm, and the 

diameter of the array was 1.68 mm. The tool used for cutting the hex
agonal microlens array was the same as that used for cutting the 
spherical microlens array. The experimental conditions of the spherical 
and hexagonal microlens arrays are summarized in Table 1. 

Theoretically, the edge of a hexagonal microlens created by the 
intersection of two overlapped lenses is very sharp. Such sharp edges are 

Fig. 2. Schematic of the machining of a spherical microlens array: (a) planar orientation of the machined surface in CaF2 crystals, and (b) design parameters of the 
spherical microlens array. 

Fig. 3. Schematic of the machining of a hexagonal microlens array: (a) gen
eration principle of a hexagonal microlens, and (b) design parameters of the 
hexagonal microlens array. 

Table 1 
Machining conditions for spherical and hexagonal micro lenses arrays.  

Parameters Value  

Workpiece CaF2 (111)  
Cutting tool Single-crystal diamond  

Nose radius 0.1 mm  
Rake angle α − 20◦

Relief angle γ 28◦

Cutting parameters Spherical microlens array Hexagonal microlens array 
Depth of cut d 0 – 5 µm 1 – 6 µm 
Feed rate f 0.2, 0.7, 0.9, 1.1 µm/rev 0.2 µm/rev 
Spindle rotation speed 25 – 35 rpm 20 rpm 
Cutting speed 0.19 m/min 0 – 0.11 m/min 
Environment Dry   
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difficult to produce in one step using a continuous toolpath as in the 
fabrication of spherical microlens arrays. This is because the Z-axis 
moves with high acceleration, resulting in an increased tool tracking 
error. As an alternative, the segment cutting method has been used for 
fabricating sharp edges on various materials, such as silicon (Mukaida 
and Yan, 2017b) and aluminum alloy (Zhang et al., 2019). The dimples 
were divided into three non-adjacent groups (groups I, II, and III) for 
cutting, as shown in Fig. 3(b). In this case, when cutting each group of 
dimples, the Z-axis acceleration decreased, and its variation became 
smooth. A hexagonal lens array with sharp edges was fabricated by 
superimposing the dimples machined by the three groups. 

Fig. 4(a) illustrates an example of fabricating a sharp edge along the 
white arrow line indicated in Fig. 3(a) using the conventional segment 
cutting method. The apex of the edge formed by the intersection of the 
two lenses was on the unmachined workpiece surface plane. Thus, the 
material removal volume and depth of the cut for creating a certain lens 
array were minimal, thereby reducing tool wear and increasing 
machining efficiency. However, in this study, in contrast to cutting sil
icon and aluminum alloy, when cutting CaF2, cracks were prone to form 
in the lens edge in the cutting direction. When using the conventional 
segment cutting method, cracks were formed on the edges of the 
machined lenses, as shown in Fig. 4(a). To fabricate hexagonal lens ar
rays with good surface quality on CaF2, a depth-offsetting segment- 
cutting method was proposed, as shown in Fig. 4(b). Similar to the 
conventional segment cutting method, the lenses were divided into non- 
adjacent groups for cutting. However, the edge of the design surface 
shifted several microns below the substrate surface. For example, to 
create a hexagonal lens edge similar to that in Fig. 4(a), Group II 
spherical lenses can first be fabricated on the substrate surface with a 
relatively large feed rate, although cracks may form in the cut-in/cut-out 
regions of the lenses. Owing to the depth offset, the toolpaths for cutting 
the next group of lenses (i.e., Group III) partially overlapped those of 
with Group II. Therefore, by machining the lenses of Group III with a low 
feed rate, crack-free surfaces were obtained in the entire area of Group 
III lenses. Moreover, the cracks formed in the edges of Group II lenses 
were also removed. 

2.3. Measurement and characterization 

The general view of the fabricated microlens arrays was captured via 
an optical microscope VHX-1000 (Keyence Corp., Japan) and differen
tial interference contrast microscopy (DICM). Subsequently, high- 
magnification views of the machined lenses, cutting chips, and tool 
wear were characterized using scanning electron microscopy (SEM). 
Further, a white light interferometer was used to measure the three- 

dimensional (3D) topographies of the fabricated microlens arrays. 

3. Results and discussion 

3.1. Surface topography 

Four different feed rates of f = 0.2, 0.7, 0.9, and 1.1 µm/rev, were 
used for machining spherical microlens arrays. Fig. 5(a) and (b) show 
the full views of the microlens arrays machined at feed rates of 0.2 and 
1.1 µm/rev, respectively. In general, when f = 0.2 µm/rev, the lenses 
located on each angle demonstrated good surface quality, as indicated 
by the surfaces with glossy reflection. In contrast, for f = 1.1 µm/rev, 
brittle fractures were generated in most lenses, resulting in dark sur
faces, particularly the lenses located at C = 60◦ and 300◦. Nevertheless, 
lenses with glossy surfaces can still be generated in certain locations, 
such as C = 0◦ and 180◦. This result indicates a strong anisotropy of the 
CaF2 crystal; in particular, the lenses located at C = 60◦ and 300◦ are the 
most likely to form cracks, thus limiting the machining quality and 
efficiency. 

To further investigate this issue, close-up views of the machined 
lenses located at C = 60◦ and 300◦ at four different feed rates were 
captured and compared with those of the lenses machined with varied 
feed rates located at C = 0◦, as shown in Fig. 6. When machining lenses 
located at C = 0◦, crack-free surfaces were obtained at all feed rates. 
However, when machining the lenses located at C = 60◦ and 300◦, 
brittle fractures were initiated at the edges of the lenses when the feed 
rate increased from 0.2 to 0.7 µm/rev. With further increase in the feed 
rate, brittle fractures extended to the entire lens. Notably, brittle frac
tures tended to form first at the cut-in and cut-out regions, and the range 
of the surface damage increased along the cutting direction with in
crease in the depth of cut. Moreover, the extent and degree of surface 
defects at the edges of the cut-in region were more significant than those 
of the cut-out region. 

To observe the surface defects in the edges of the cut-in and cut-out 
regions in more detail, the edges of the lens machined with a feed rate of 
0.2 µm/rev located at C = 300◦ were captured by SEM, as shown in  
Fig. 7. In the cut-in region (Fig. 7(a)), the surface defects were domi
nated by clusters of submicron pits. In addition, a few craters with an 
approximate size of 1 µm appeared in the cluster of pits. However, in the 
cut-out region (Fig. 7(b)), no surface defects were formed. Although 
certain submicron pits were generated in the cut-in region, from a macro 
perspective, these defects exerted minimal effect on the optics, as proven 
by the optical microscope image of the lens (f = 0.2 µm/rev, C = 300◦) 
presented in Fig. 6. However, when the feed rate increased to 0.7 µm/ 
rev, greater µm-scale craters began to form in the cut-in region, as shown 

Fig. 4. Schematic of the toolpath when cutting hexagonal microlens arrays using: (a) conventional segment cutting, and (b) depth-offsetting segment cut
ting methods. 
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in Fig. 8(a). These craters decreased the optical performance, as indi
cated by the optical microscope image of the lens where dark spots 
appeared in the cut-in region (f = 0.7 µm/rev, C = 300◦ in Fig. 6). With 
further increase in the feed rate to 0.9 and 1.1 µm/rev, the size of the 
craters increased, and the range of surface damages expanded, as pre
sented in Fig. 8(b) and (c). Therefore, multiple dark spots were observed 

on these lenses (f = 0.9 and 1.1 µm/rev, C = 300◦ in Fig. 6) via optical 
microscopy, and the edges of the cut-in region appeared black owing to 
the generation of dense and large craters. 

The 3D topography and surface roughness of the lenses were 
measured using a white light interferometer. Fig. 9 shows plots of the 3D 
topography of the lenses located at C = 0◦ and 300◦, machined at 0.2 

Fig. 5. Optical microscope images of circular microlens array machined on CaF2 with different feed rates: (a) f = 0.2 µm/rev, and (b) f = 1.1 µm/rev.  

Fig. 6. Optical microscope images of lenses machined along different cutting directions with various tool feed rates.  
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and 1.1 µm/rev feed rates. At f = 0.2 µm/rev, lenses with smooth sur
faces were created at C = 0◦ and 300◦; whereas, at f = 1.1 µm/rev, 
although the lens located at C = 0◦ exhibited a smooth surface, several 
brittle fracture-induced noise spikes appeared on the lens located at C 
= 300◦. The surface roughness was calculated after removing the ideal 
shape from the measured topography within a radius of 155 µm from the 
center of the lens (excluding the lens edge). The standard roughness 
parameters of the lenses, including the mean roughness (Sa) and root 
mean square of roughness (Sq), are indicated accordingly in Fig. 9. 

Fig. 10 shows the roughness of the lens surfaces fabricated under 
varied feed rates at different angles. When the feed rate was 0.2 µm/rev, 
all lenses were machined in the ductile mode. This is because at a suf
ficiently small feed rate, the undeformed chip thickness was below the 
critical values for brittle fracture in all crystal directions. Thus, the 
roughness of the lenses at each orientation angle was small, and the 
values were similar, resulting in a circular plot. However, with 
increasing feed rate, the anisotropy of the crystal became apparent 
because the undeformed chip thickness gradually increased and excee
ded the critical values for brittle fracture in certain directions. Conse
quently, brittle fractures occurred along those directions, causing a 

significant increase in the surface roughness. This resulted in propeller- 
like surface roughness plots. 

The plastic deformation of single-crystal CaF2 tends to occur in 
{100}< 110 > slip systems, and brittle fractures of the material are 
prone to occur in the {111} cleavage planes. However, owing to the 
softness of CaF2, slip mobility exerts a greater influence than cleavage 
mobility on the brittle-to-ductile transition mechanism (Mizumoto and 
Kakinuma, 2018). Therefore, the plastic deformation factor P, which 
estimates the probability of activating the primary slip systems {100}<
110 > , can be used to predict the variation trend of the critical unde
formed chip thickness with crystal orientation. Consequently, the trends 
in surface roughness resulting from different cutting directions can be 
predicted. The larger the value of P, the greater the critical undeformed 
chip thickness and the smaller the surface roughness. The plastic 
deformation factor P can be expressed as follows (Mizumoto and Kaki
numa, 2018): 

P =
m

τCR/min τCR
(1)  

Fig. 7. SEM images of (a) cut-in region, and (b) cut-out region of a lens. (f = 0.2 µm/rev; C = 300◦).  

Fig. 8. SEM images of the edges of the cut-in region for the lenses located on C = 300◦ with feed rates of (a) 0.7, (b) 0.9, and (c) 1.1 µm/rev.  
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where m and τCR are the Schmid factor and critical resolved shear stress 
for the primary slip systems, respectively, and min τCR is the minimum 
critical resolved shear stress in the total slip systems of CaF2. 

When the workpiece rotated and the tool cut the lenses located at C 
= 300◦, 0◦, and 60◦ in sequence, the cutting directions were perpen
dicular to the position directions of the lenses and coincided along the 
[11 − 2], [− 12 − 1], and [− 211] crystal directions, respectively. Ac
cording to Mizumoto and Kakinuma (2018), the plastic deformation 
factor P is a minimum when cutting along the [11 − 2] direction, and is 
a maximum when the cutting direction changes to [− 12 − 1]. Subse
quently, P returns to a minimum when the cutting direction changes to 
[− 211]. Therefore, the lenses located at C = 60◦ and 300◦ are predicted 
to have the largest surface roughness, and those located at C = 0◦ has the 
smallest value, which is consistent with the experimental results shown 
in Fig. 10. Notably, according to Yan et al. (2003) and Mizumoto and 
Kakinuma (2018), the CaF2 (111) plane exhibits a three-fold symmetry 
in the plastic deformation factor and critical undeformed chip thickness, 
that is, the surface roughness of the lens located at C = 180◦ should also 
be the largest. However, the results depicted in Fig. 10 show that the 
surface roughness of the lens at C = 180◦ was much smaller than that of 
the lenses at C = 60◦ and 300◦. This inconsistency may be attributed to 
the surface flattening performed before cutting the lenses, which 

generated certain defects in the subsurface of the crystal, thereby 
affecting the symmetry of the machining characteristics of the crystal. 

In general, the required surface roughness of optical components is 
determined by the extent of the tolerable scatter loss. Harvey et al. 
(2012) proposed an evaluation parameter of total integrated scattering 
(TIS) and defined it as follows: 

TIS ≈

(
4πδ

λ

)2

(2)  

where δ is Sq and λ is the wavelength of the incident radiation. Typically, 
TIS should be smaller than 1% for most optical systems (Mukaida and 
Yan, 2017a). When fabricating a spherical microlens array on CaF2 at f 
= 0.2 µm/rev, the surface roughness was barely affected by material 
anisotropy. As maximum Sq of 3.98 nm in the lens is at C = 300◦, the 
entire microlens array is qualified as an optical surface for λ > 0.5 µm. 
Considering that CaF2 lenses are primarily used as optical parts in 
0.25–7.0 µm wavelength range, the spherical microlens array machined 
at f = 0.2 µm/rev can satisfy the requirement at wavelengths that cover 
96.3% range of the transmission spectrum of CaF2. 

3.2. Cutting chips morphology 

To clarify the material removal behavior at various feed rates, SEM 
images of the cutting chips collected during machining are shown in  
Fig. 11. When the feed rate was 0.2 µm/rev, continuous ribbon-like 
chips were generated, as shown in Fig. 11(a). This implies that the 
cutting process was performed in the ductile mode. The material was 
removed via stable shear and/or extrusion deformation, resulting in 
uniform and crack-free surfaces on all lenses. When increasing the feed 
rate to 0.7 µm/rev, a mixture of ribbons-like and powder-like chips was 
formed, as shown in Fig. 11(b). This is because, on the one hand, the 
critical undeformed chip thickness (hc) for ductile to brittle mode tran
sition varied in the machining of lenses with different angles owing to 
crystal anisotropy. On the other hand, in cutting a certain lens, the 
maximum undeformed chip thickness (hm) changed with the cutting 
position in the lens, as illustrated in Fig. 12. The maximum undeformed 

Fig. 9. 3D topographies of lenses machined along different cutting directions with various tool feed rates.  

Fig. 10. Roughness of the lenses surfaces fabricated under varied feed rates on 
different angles. 
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thickness corresponding to any position of the tool during lens cutting 
can be calculated using Eq. (3), according to Mukaida and Yan (2017a): 

hm = R −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2 + (R − d1)
2

√

(3)  

where x =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 − (R − d0)
2

√

− f , R is the tool nose radius, d0 and d1 are 
the depth of cut for the previous and current tool paths, respectively, f is 
the tool feed rate along the X-axis. 

Fig. 13(a) plots the variation of hm in the cross section parallel with 
the direction of tool feeding when cutting the bottom of the lens with f 
= 0.2 µm/rev. The cross section of the lens and tool path are indicated 
by black and dark blue lines, respectively. Because the tool has a nose 
radius, the tool path planning must be compensated to improve the form 
accuracy of freeform surfaces (Yu et al., 2012). This causes a slight 

deviation in the tool path from the lens profile, particularly at the lens 
edges. When the tool continuously feeds from right to left to fabricate a 
lens, the hm increases rapidly at first and reaches a maximum before the 
tool feeds to the center of the lens. Thereafter, the hm gradually de
creases to zero as the tool continues to feed to the left. The hm in cutting a 
lens at f = 0.2 µm/rev is approximately 60 nm, which is lower than the 
hc for ductile to brittle mode transition of any crystal direction on (111) 
CaF2, according to Mizumoto and Kakinuma (2018). At such nanometric 
scale, the material was plastically deformed by shearing and/or extru
sion similar to the nano-cutting of other brittle materials (Fang et al., 
2005). Consequently, chips were formed in continuous ribbon shape, as 
shown in Fig. 11(a). Therefore, when f = 0.2 µm/rev, all lenses located 
at different angles were machined in ductile mode. Fig. 13(b) compares 
the hm at various feed rates. Here, hm increased with increasing feed rate. 
When f = 0.7 µm/rev, the hm reached > 200 nm, which is larger than 
the hc of certain crystal directions, such as the directions for cutting the 
lenses at C = 60 and 300◦. Consequently, part of the chips was generated 
in brittle mode, as shown in Fig. 11(b). When f = 1.1 µm/rev, hm 
reached approximately 350 nm, which is larger than the hc of most 
crystal directions. Thus, brittle-mode chip formation became dominant, 
and the cutting chips were generated primarily in the form of powder, as 
shown in Fig. 11(c). 

3.3. Cutting force 

The cutting forces were also measured during the machining of the 
spherical microlens array. Fig. 14 shows the curves of the principal (Fc) 
and thrust (Ft) forces in real time during one revolution of the workpiece 
when the tool passed the center of lenses at f = 0.2, 1.1 µm/rev. In 
general, the principal and thrust forces under both feed rates display a 
periodic variation. They are characterized by an increase from zero to a 
peak, and then a decrease to zero. Considering that the spindle rotated at 
approximately 30 rpm when the tool was fed towards the lens center, 

Fig. 11. SEM images of cutting chips generated at the feed rates of (a) 0.2, (b) 0.7, and (c) 1.1 µm/rev.  

Fig. 12. Schematics of the undeformed chip cross-section in the lens machining 
when the tool feeds to (a) lens center, and (b) lens edge. 
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the cutting time from the center of one lens to the center of the next lens 
was approximately 0.165 s. This time coincides with the time between 
the peaks of the cutting forces in two adjacent waves. This indicates that 
each wave of the cutting forces corresponds to one lens cut, and the 
variation trend of the cutting forces is consistent with that of the depth of 
cut. 

When the feed rate was 0.2 µm/rev, the peak principal and thrust 
forces generated by each lens cut were nearly constant, as plotted in 
Fig. 14(a). In addition, Ft was much larger than Fc. This is attributed to 
the small contact area between the tool and workpiece along the cutting 
direction, leading to a small principal force. On the other hand, the tool 
not only moved forward but pressed into the workpiece in the depth 
direction, similar to indentation processes. This caused a large thrust 
force. When the feed rate to 1.1 µm/rev, the peak cutting forces gener
ated during each lens cut fluctuated, as shown in Fig. 14(b). The prin
cipal force at f = 1.1 µm/rev was significantly increased compared with 
that at f = 0.2 µm/rev, owing to an increased tool-workpiece contact 
area. In contrast, the thrust force decreased, and its wave shape became 
irregular. This may be attributed to the interference of brittle fractures 
that occurred at large feed rates with the force measurement; in 
particular, the initiation of cracks on the machined surface suddenly 
reduced the force acting on the tool by the workpiece. The peak prin
cipal and thrust forces in the cutting of typical lenses located at C = 0◦, 
60◦, 180◦, and 300◦ with varied feed rates are plotted in Fig. 15. A 

general trend was observed wherein the peak principal forces increased 
with increasing feed rate. In contrast, the peak thrust force decreased 
with increasing feed rate, independent of the lens location. 

3.4. Tool wear 

After cutting the microlenses on CaF2 for a cutting distance of 
approximately 50 m, tool wear was observed by SEM, as shown in  
Fig. 16(a). Although certain chips adhered to the tool rake face, no 
chipping occurred on the cutting edge, even without any obvious wear 
on the rake or flank face of the tool. This is in contrast to the tool wear 
after cutting lenses on silicon, wherein microchipping and flank wear 
were observed after a short cutting distance of approximately 0.5 m 
(Mukaida and Yan, 2017a). The insignificance of tool wear in cutting 
CaF2 was considered attributed to its low hardness of approximately 
1.8 GPa (Mizumoto et al., 2011). In contrast, the hardness of silicon is 
approximately 10 GPa (Leung et al., 1998). 

To characterize the forms of tool wear after cutting CaF2 for a long 
distance, a flat face turning test for a cutting distance of approximately 
5000 m was performed on CaF2 using the same tool at a cutting depth of 
2 µm, feed rate of 2 µm/rev, and spindle speed of 1000 rpm. Fig. 16(b) 
shows the tool wear after the flat face turning test. Clear crater wear was 
observed in the rake face of the tool; however, the wear in the flank face 
was insignificant. In addition, the shape of the crater wear was similar to 

Fig. 13. (a) Variation of maximum undeformed chip thickness in feed direction when cutting lenses at f = 0.2 µm/rev. (b) Comparison of maximum undeformed chip 
thickness at varied feed rates. 

Fig. 14. Real time curves of the principal force (Fc) and thrust force (Ft) under 
the feed rates of (a) 0.2, and (b) 1.1 µm/rev. 

Fig. 15. Peak values of (a) principal force (Fc), and (b) thrust force (Ft) in the 
machining of lenses with different angles at varied feed rates. 
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that of the undeformed chip when cutting the surface with round-nose 
tools, as shown in Fig. 17(a). This implies that the friction between 
the undeformed chips and the tool rake face was the main cause of crater 
wear. When cutting CaF2 under dry conditions, most of the cutting heat 
was generated in the primary deformation zone owing to material 
deformation and could not be cooled down. Owing to the extremely low 
thermal conductivity of CaF2, it was difficult to dissipate the heat to the 
substrate; however, it was carried away by the chips. Therefore, the 
friction between the high-temperature chips and the tool rake face 
resulted in crater wear in the rake face, as shown in Fig. 17(b). Despite 
friction at the workpiece-tool flank face interface, flank wear was not 
obvious because the hardness of CaF2 was much lower than that of the 
diamond tool. In addition, the temperature in this friction zone was 
relatively low. Microchipping was also observed on the cutting edge 
near the maximum undeformed chip thickness. The large undeformed 
chip thickness and the unstable tool-workpiece contact when cutting 
materials in brittle mode may have caused the microchipping. 

3.5. Discussion on crack formation mechanisms 

When cutting microlens arrays on CaF2, under a large feed rate, 
cracks were easily formed at the edges where the tool cut in and cut out 
the workpiece in the cutting direction. In addition, the cracks were more 
pronounced in the cut-in region than in the cut-out region. The principal 
and thrust force variations when cutting a single lens are extracted from 
Fig. 14(a) and are plotted in Fig. 18 (a). To remove the noise from the 
force signals, a seventh-order polynomial was used to fit the original 
force curve, which is plotted in Fig. 18(a). The thrust forces reached 
their peaks before the principal forces reached theirs. To quantify the 
direction of the resultant force, a force angle β is defined as the angle 
between the resultant force and Fc, as shown in Fig. 18(b), and can be 
expressed as 

β = arctan
(

Ft

Fc

)

(4) 

The variation in the force angle with the position of the tool is plotted 

in Fig. 18(a). In general, a large force angle was obtained when the tool 
cut into the workpiece, and as the tool moved from the cutting-in to 
cutting-out regions in the cutting direction, the force angle gradually 
decreased. This indicates that the thrust force was dominant in the cut-in 
region, and the dominance of the thrust force gradually declined as the 
tool moved to the cut-out region. Therefore, it is considered that a large 
tensile stress was generated in the cut-in region caused by the thrust 
force-induced friction along the direction of cutting. This resulted in 
crack formation after the tool passed the cut-in region of the lenses, as 
shown in Fig. 18(b). In contrast, the thrust force-induced friction 
decreased in the cut-out region, leading to reduced tensile stress. 
However, the hydrostatic pressure, which enhances the ductile mode 
cutting (Yoshino et al., 2001), was decreased in the cut-out region owing 
to the lack of material behind the cut-out region to resist the tool 
movement to maintain a high hydrostatic pressure at the tool-workpiece 
contact areas. Thus, cracks can be generated in front of the tool when 
cutting the cut-out region of the lenses, as shown in Fig. 18(c). Lee et al. 
(2019) applied a solidified layer on the CaF2 surface to increase the 
hydrostatic pressure in the cutting area and enhance the ductile mode 
cutting of CaF2. This can prove that the lack of hydrostatic pressure 
when the tool cuts out lenses is the primary reason for crack formation in 
the cut-out region. Notably, microcracks did not occur in the cut-in and 
cut-out regions of the lenses during the cutting of lenses on silicon. This 
may be owing to the formation of an amorphous layer during silicon 
cutting, which improved the ductile machinability (Mukaida and Yan, 
2017a). However, an amorphous layer is not generated in the machined 
surface of CaF2 with diamond cutting. Instead, the primary subsurface 
damages are dislocations and grain refinement, which has been 
confirmed by (Kakinuma et al., 2015; Mizumoto et al., 2017; Lee et al., 
2019). Moreover, the lack of amorphization in the material ensured that 
the strong fracture toughness anisotropy of CaF2 were retained. In 
particular, the maximum critical undeformed chip thickness reached up 
to approximately 390 nm when cutting along directions such as the 
[− 12 − 1] crystal direction, whereas the minimum critical undeformed 
chip thickness was approximately 70 nm when cutting along the crystal 
directions of [− 211] and [11 − 2] (Yan et al., 2003; Mizumoto and 

Fig. 16. SEM images of tool edges after (a) cutting a circular microlens array (cutting distance of approximately 50 m) and (b) cutting a flat plane (cutting distance of 
approximately 5 km). 

Fig. 17. Schematic models of (a) undeformed chip under the cutting with a round-nosed tool, (b) formation of crater wear in tool rake face.  
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Kakinuma, 2018). Therefore, a crack-free surface was obtained at the 
lens at C = 0◦ (corresponding cutting direction is [− 12 − 1]) even when 
the tool feed rate increased from 0.2 to 1.1 µm/rev. However, cracks 
were formed in the lenses at C = 60◦ and 300◦ (corresponding to cutting 
directions of [− 211] and [11 − 2], respectively) once the tool feed rate 
exceeded 0.2 µm/rev. 

3.6. Hexagonal microlens array fabrication 

To fabricate a hexagonal microlens array, the machined area must be 
fully filled with partially overlapping spherical dimples. This indicates 
that the entire surface structure is cut in all directions in a range of 360◦, 
owing to the characteristics of the diamond turning process. According 
to the findings in the cutting of spherical lenses, although the cutting 
direction significantly affects the morphology and quality of the 
machined surface, a uniformly smooth surface can be achieved by 
reducing the tool feed rate below a critical value. This ensures that the 
undeformed chip thickness is smaller than the critical undeformed chip 
thickness in case of the most difficult-to-cut direction. Therefore, a 
hexagonal microlens array was fabricated with f = 0.2 µm/rev. Fig. 19 
shows a DICM image of a hexagonal microlens array fabricated using the 
depth-offsetting segment cutting method. As evident, the entire surface 
of every hexagonal lens was free of cracks and had sharp edges. As 
discussed in Section 3.1, the lens located along the angular direction of C 
= 0◦ tended to form a crack-free surface, whereas the lens located along 
the angular direction of C = 300◦ easily formed a cracked surface. 
Therefore, close-up views of the machined surfaces of lenses A (C = 0◦) 
and B (C = 300◦), indicated in Fig. 19, were captured using a confocal 
laser scanning microscope. Fig. 20 presents a comparison of the center 
and edge areas of these lenses. As evident. at the center of the lenses, 
both lenses A and B obtained crack-free surfaces, whereas at the edge of 
the lenses, a very narrow area of cracks was likely to form, particularly 

in lens A. This is because when creating the two edges of lens A, the 
cutting direction approached the [− 211] and [11 − 2] crystal 
directions. 

The 3D topographies of lenses A and B were measured. A general 
view of the complete lenses and close-up views of the lens edges are 
shown in Fig. 21. Sharp edges were clearly observed in every lens, thus 
confirming the effectiveness of using the depth-offsetting segment cut
ting method to create a hexagonal microlens array with sharp edges on 
CaF2. The form errors of the lenses are also presented in Fig. 21. For the 
two lenses, the peak to valley (P–V) form error calculated over a 
diameter range of 300 µm excluding the edges was 147 ( ± 4) nm P–V, 
and the surface roughness was 4.1 ( ± 0.1) nm Sa. Mukaida and Yan 
(2017b) reported cutting a similar hexagonal lens array on silicon with a 
form error of approximately 300 nm P–V. The form error of the lens 
fabricated on CaF2 was smaller than that of the lens fabricated on silicon. 
This may be attributed to the low hardness of CaF2 resulting in a rela
tively low tool wear. However, the fabrication of crack-free lenses on 
CaF2 is much more challenging than on silicon because the amorphous 
phase, which can reduce material anisotropy and promote ductile-mode 
machining, does not form in the subsurface of CaF2 during cutting; in 
other words, the actual brittleness of CaF2 is higher than that of silicon. 

Fig. 18. (a) Variations in cutting forces and force angles in machining lenses with f = 0.2 µm/rev. (b) and (c) are schematics of crack generation at the cut-in and cut- 
out regions, respectively. 

Fig. 19. DICM image of hexagonal microlens array machined on CaF2.  

Fig. 20. Confocal laser scanning microscopy images of the machined hexagonal 
lenses at different positions. 
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4. Conclusions 

This study machined spherical microlenses at various orientations of 
single-crystal CaF2 (111) cylinders via diamond turning. The machining 
characteristics, surface damage formation mechanisms, and tool wear 
were systematically investigated. Further, a depth-offsetting segment 
cutting method was proposed to fabricate a hexagonal microlens array 
with sharp edges. The main conclusions are as follows: 

(1) Significant anisotropy was observed when cutting CaF2. Micro
cracks were easily formed on the machined surface when cutting 
along the [− 211] and [11 − 2] crystal directions. In a specific 
lens, cracks tended to form in the cut-in/cut-out regions along the 
cutting direction.  

(2) Cracks were formed in the cut-in regions of the lenses owing to a 
large friction-induced tensile stress in the cutting direction 
because of a large thrust force. In contrast, cracks were formed in 
the cut-out regions of the lenses owing to the reduced hydrostatic 
pressure in the material in front of the tool.  

(3) During lens cutting, with increase in the cutting depth from zero 
to the maximum, followed by the subsequent decrease to zero, 
the principal and thrust forces exhibited the same change trend as 
that of the cutting depth. However, the thrust forces reached their 
maximum prior to the principal forces, causing the force angles 

between the principal and resultant forces to gradually decrease. 
The peak thrust force decreased with increasing feed rates 
because the occurrence of brittle fracture in the material became 
more apparent. 

(4) Tool wear was insignificant until a cutting distance of approxi
mately 50 m. When the cutting distance increased to approxi
mately 5000 m, crater wear occurred on the tool rake face and 
microchipping occurred on the tool cutting edge.  

(5) A spherical microlens array, composed of 12 equally spaced 
lenses lying on the circumference of a circle, was successfully 
fabricated in ductile mode by controlling the maximum unde
formed chip thickness below approximately 60 nm. Material 
anisotropy exerted minimal influence on the surface roughness of 
these lenses. The surface roughness was approximately 2 nm Sa. 

(6) The depth-offsetting segment cutting method produced a hexag
onal microlens array with sharp edges and crack-free surfaces. 
The surface roughness of the lenses was 4.1 ( ± 0.1) nm Sa, with 
form error of 147 ( ± 4) nm P–V. 

The feasibility of fabricating ultraprecision freeform surfaces on CaF2 
via diamond turning was demonstrated. Because CaF2 is soft and brittle, 
developing technologies to increase the hydrostatic pressure in the cut- 
out region of microstructures is beneficial for obtaining good surface 
quality. In addition, the application of cutting fluids may reduce the 

Fig. 21. 3D topography and form error of the machined hexagonal lenses at different positions.  
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friction between the tool and workpiece and promote heat dissipation 
from the tool-workpiece interface, resulting in a better surface finish in 
the cut-in region of the microstructures and smaller crater wear of the 
tools. However, the potential risk to the use of cutting fluid in causing 
large surface cracks owing to the high thermal expansion coefficient of 
CaF2 should also be considered. 
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