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Abstract Single-crystal CaF; is an important optical material.
In this work, single-point diamond turning experiments were per-
formed to investigate the nanometric machining characteristics
of CaF,. The effects of tool feed, tool rake angle, workpiece
crystal orientation and cutting fluid were examined. It was found
that two major types of microfracturing differing in mechanism
limited the possibility of ductile regime machining. The critical
conditions for microfracturing depend strongly on the tool rake
angle and the type of cutting fluid. The results also indicate that
one type of the microfractures is caused by thermal effect, and
can be completely eliminated by using a sufficiently small un-
deformed chip thickness and an appropriate negative rake angle
under dry cutting conditions. Continuous chips and ductile-cut
surfaces with nanometric roughness were generated.

Keywords CaF; - Calcium fluoride - Diamond turning -
Ductile regime machining - Microfracture - Dry cutting

1 Introduction

Calcium fluoride (CaFy) is a transparent colourless single crys-
tal with a fluorite-type crystal structure. It has extremely high
permeability and a refractive index ranging from 125 nm (ul-
traviolet) to 12 um (infrared) wavelength and excellent colour-
aberration compensation ability. Therefore, CaF; is not only an
optical substrate material for dark-field imaging systems but also
an indispensable lens substrate material for large-scale semicon-
ductor lithography systems. Especially when 193 and 157 nm
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lithography systems are developed, where CaF, components are
utilised to replace fused SiO,, CaF, is becoming the most com-
mercially important material within the optics community. Spe-
cific applications for CaF; include 193 nm excimer laser com-
ponents, chromatic aberration correction of 193 nm stepper lens
systems, and stepper lenses for future 157 nm systems [1].

The optical performance of CaF; is strongly influenced by
surface quality. It has been shown that laser damage performance
for CaF; is strongly dependent on surface preparation [2] and
transmission performance for CaF, depends significantly on sur-
face roughness [3]. On the other hand, CaF; is a typically brittle
material, having very low fracture toughness and low hardness.
Also, CaF; has an extremely high thermal expansion coefficient
and a very low thermal conductivity. Some of the properties of
CaF; are listed in Table 1 [4], where the corresponding proper-
ties for single-crystal silicon are also listed for reference. Due
to its delicate nature, CaF; is very difficult to machine. Con-
ventionally, CaF; has to be finished by lapping and subsequent
mechanical polishing. However, the polishing processes are too
difficult to be automatically controlled to produce complex shape
such as aspherical and diffractive optical surfaces, which are re-
quired more and more often [5].

An alternative machining method for CaF, would be single-
point diamond turning (SPDT). SPDT is an ultra-precision metal
cutting technology capable of machining high-accuracy compo-
nents with complex geometries [6]. In the last decade, SPDT
has also been extended for precision machining of brittle ma-
terials such as glass, silicon, germanium and so on [7-15].
However, little effort is currently placed on the SPDT of CaF,.
In the present work, we conducted SPDT experiments in the
micrometer-nanometer scale on CaF, in order to examine the
possible conditions for fabricating high-quality optical surfaces.

2 Experimental procedures

Most of the available literature on ductile-regime turning of brit-
tle materials is concerned with the use of round-nosed diamond
tools [8—12, 14], the machining model for which was given by
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Table1. Optical, mechanical and thermal
properties of CaF, and a comparison with

silicon

Property CaF, Silicon
Permeable wavelength (pum) 0.125~12 1.2~15
Reflection loss (%) 5.6 (4 pm) 46.1 (10 pm)
Crystal structure Fluorite Diamond
Cleavage plane {111} {111}

Slip system {001}(110) {111}(110)
Knoop hardness (kg/mm?) 158.3 1150
Young’s modulus (GPa) 75 (25°C) 170

Thermal conductivity index (cal/cmSec®C)
Coefficient of thermal expansion (10-6/°C)

Melting point (°C)
Specific heat (cal/g°C)

0.0232 (36°C) 0.39 (40°C)

24 (20~60°C) 4.15 (10~50°C)
1360 1420

0.204 (0°C) 0.168 (25°C)

Blackly et al. [9]. When machining with a round-nosed tool,
the machining scale (undeformed chip thickness) is not constant
along the cutting edge. Thus, a truly ductile response only oc-
curs along the apex of the tool tip where the undeformed chip
thickness is smaller than a critical value (critical chip thickness
or critical depth, d.), while the upper material will be fractured.

Instead of the round-nosed tool, the authors propose a straight-
nosed diamond tool for ductile-regime turning [16]. In this case,
as schematically shown in Fig. 1, the undeformed chip thickness
h is uniform across the entire width of the cutting edge. Unde-
formed chip thickness # is independent of the depth of cut a, and
is determined by tool feed f and cutting edge angle «, according
to the equation

h=f-sink. ey

Therefore, through the use of a sufficiently small cutting edge
angle « or a sufficiently small tool feed f, this method makes it
possible to thin the undeformed chip thickness to the nanometric
range over the entire cutting region. This tool geometry provides
significant width to undeformed chip thickness ratio to ensure
plane strain conditions and hence the relationship between the
material removal behaviour and the machining scale is unam-
biguous and readily studied. In the experiments described below,
SPDT tests were carried out using straight-nosed diamond tools.

The experiments were carried out on an ultra-precision lathe
with a hydrostatic bearing spindle and two hydrostatic slide ta-
bles along the X and Z axes respectively. A specially designed
tool post allows the tool to be rotated along the B-axis, which
is necessary for the adjustment of the cutting edge angle. Pre-

—» [eed direction

® Cutting direction

a: Depth of cut
b: Cutting width
f Tool feed

Fig. 1. Schematic of the cutting model of a straight-nosed diamond tool

h: Undeformed chip thickness
k2 Cutting edge angle

polished single-crystal CaF, wafers with (111) orientation and
dimensions of 50 mm diameter and 5 mm thickness were used
as specimens. Figure 2 shows the crystal orientations of vari-
ous cutting directions as the workpiece rotates. The specimens
were bonded on diamond-turned aluminium blanks using a 50 °C
heat-softened glue and then vacuum-chucked to the machine
spindle.

The rake angle of the diamond tool was varied from 0 to
—60° while keeping the relief angle constant at 6°. Before cut-
ting, the tools were examined with a special scanning electron
microscope (SEM) that has two electron detectors (secondary
electron detector and reflecting electron detector) and enables
three-dimensional analysing. The average cutting edge radius of
the diamond tools was estimated to be 20 ~ 40 nm.

Undeformed chip thickness was varied from a few nanome-
ters to approximately 1 um by varying the tool feed from 1 to
40 um and the cutting edge angle in the range of 0.5 to 1.5°.
The depth of cut was varied in the range of 1 ~ 5 um. The spin-
dle rotation rate was constant at 1500 rpm. Face turning was
performed at the diameter range from 10 to 50 mm with a cor-
responding cutting speed of 47 ~ 235.5 m/min. Kerosene mist,
kerosene liquid, water, dehydrated methanol and acetone were
used as cutting fluids.

The machined surfaces were observed using an SEM and
measured using a stylus-profiling instrument, Form TalySurf,

r.d.: workpiece rotation direction
f-d.: tool feed direction
t.p.: tool position

Fig. 2. Presentation of the crystal orientations corresponding to various cut-
ting directions in the SPDT of Caf, (111)
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and an atomic force microscope (AFM). Chips removed from the
specimen were observed with the SEM.

3 Results and discussion
3.1 Microfracturing

At first, a cutting test was performed by continuously varying the
tool feed f in the range of 1 ~ 40 um at a constant cutting edge
angle (k = 1.5°), a constant depth of cut (¢ = 5 pum) with a —30°
rake angle tool and kerosene mist as coolant. Under these con-
ditions the undeformed chip thickness varies from to 26 nm to
1 wm. The cut was made at the diameter of 30 mm on the work-
piece, corresponding to a cutting speed of 141 m/min. Figure 3 is
an SEM photograph of the surface of [112] orientation machined
under these conditions. From left to right in the figure, the tool
feed was decreased from 40 pum to 1 um and then increased to
40 wm again. The surface can be divided into two kinds of re-
gions: high feed regions on the left and right (region A), and low
feed region in the middle (region B). It can be seen that in region

R e

Feed direction
e

ied tool feed using kerosene as coolant. Regions A and B correspond to high
tool feed region and low tool feed region, respectively, with differing micro
fracture regimes

Fig.4a,b. The A-type micro fractures formed
when cutting parallel to [112]: a SEM photo-
graph of the A-region surface, b Cross-sectional
profile of a micro crater

Cutting direction §

A, microfractures of the order of 1 to 10 wm occurred densely,
and in region B, fractures as large as a few hundred microm-
eters occurred. Here we term the two types of microfractures
type A and type B, respectively. High magnification observations
showed that the average value of the critical tool feed at which
A-type microfracturing began to occur ( f¢1) was 5.5 um, and the
critical tool feed for B-type microfracturing (f.2) was 3.5 um.
These two types of microfracturing limit the ductile machining
regime to be within the tool feed range of 3.5 ~ 5.5 pum.

The A-type microfracturing under high feed conditions has
also been reported in the SPDT of most brittle materials such
as silicon [14, 16] and germanium [8,9], but the B-type mi-
crofracturing under low feed conditions can not be found in
available literature. In order to examine the differences in mi-
crofracturing mechanism, high-magnification SEM observations
of the microfractures were performed. Figure 4a is an SEM pho-
tograph of the surface of region A in Fig. 3, where the tool feed
was 35 wm (undeformed chip thickness 935 nm). The surface is
densely covered with microcraters. The profiles of the craters are
irregular and twisted, exhibiting a plastic flow appearance. Fig-
ure 4b shows a typical cross-sectional profile of a microcrater,
measured along the cutting direction. The profile is in the form
of the V-shape and the maximum depth of the crater is 1 ~2 pm.

Figure 5a is an SEM photograph of the surface of region B
in Fig. 3, where the tool feed was 1 pum (undeformed chip thick-
ness 26 nm). Despite that the undeformed chip thickness is small,
microfractures occurred at a larger scale than those in Fig. 4.
These microfractures have straight fringes with smooth and flat
fractured surfaces. Figure 5b shows a typical cross-sectional pro-
file of the fracture. The fracture has a U-shape in cross section,
with a flat bottom approximately parallel to the machined sur-
face. The maximum depth of the fracture is approximately 6 pwm,
more than 3 times that in Fig. 4b.

3.2 Effect of crystal orientation

The observations of microfractures were also performed on other
orientations of the specimen. The results show that the A-type
microfracturing is strongly affected by the crystal orientations.
Along [211] and [121], the finished surface appears to be the
same as that produced along [112], as described in Fig. 4. How-
ever, along any one of the (112) orientations, the appearance

Cutting direction
bl ) )
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Fig.5a,b. The B-type micro frac-
ture_formed when cutting parallel
to [112]: a High-magnification SEM
photograph of the B-region surface,
b Cross-sectional profile of a micro
fracture
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Fig. 6. SEM photograph of the machined surface cut parallel to [112]: show-
ing triangular micro fractures

of the microfractures was significantly different from those pro-
duced in the (112) orientations. As shown in Fig. 6, despite that
some areas of the machined surface are smooth, craters of a few
microns in width are observed. These craters have triangular pro-
files. The depth of the craters was greater than 10 pm, far larger
than those in Fig. 4b. In contrast to these orientations, when the
cutting direction was parallel to any one of the (101) orien-
tations, the machined surfaces tend to be ductile cut, and no
microfractures were produced, as shown in Fig. 7.

The above results indicate that the A-type microfracture is
due to both the size effect and the crystallographic effect of
ductile-brittle transition. At high tool feed conditions, the ma-
chining scale (undeformed chip thickness) is large thus it be-
comes energetically favourable to produce brittle fracture. On the
other hand, the machining mechanism will also depend on the
relationship between the crystal orientation and cutting forces.
A cutting force produces tensile/shear stress along the cleav-
age/slip systems, respectively, and it is the behaviour of the
cleavage/slip systems that determines whether fracture or plas-
tic deformation occurs. The cleavage plane of single-crystal
CaF, is {111} and the preferred slip system is {001}(110) [17].
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Fig. 7. SEM photograph of the machined surface cut parallel to [101]
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Thus when cutting along [112], the cleavage plane (111) will
be activated immediately, resulting in cleavage fractures (see
Fig. 6). When cutting along [112], two slip systems, (010)[101]
and (100)[011], become symmetrical to the cutting condition
thus slip will be restricted due to interaction between slip sys-
tems [12]. The material removal under such conditions involves
a mixture of brittle mode and ductile mode, resulting in surface
texture as shown in Fig. 4. However, when cutting along [101],
the shear stress acting along the slip system (010)[101] becomes
dominant. According to the Schmid’s law [17], the above slip
systems will be activated and slip deformation will occur, leading
to a ductile-regime cut surface (see Fig. 7).

Compared to A-type microfracturing, B-type microfractures
were less dependent on crystal orientation. Along all orienta-
tions, B-type microfractures occurred with the same severity and
appearances. The bottom surfaces of the microfractures were flat
and approximately parallel to the machined surface. The depths
of the fractures were also similar. These results indicate that a
B-type microfracture is initiated along the (111) crystal planes
parallel to the machined surface and is independent of the cutting
direction.
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3.3 Effect of tool rake angle

In the SPDT of brittle materials such as silicon and germanium,
it has been known that a negative rake angle is essential for duc-
tile material removal [8—10, 14, 15, 18]. We also found that at
extremely high negative rake angles (—70 ~ —80°), the critical
chip thickness (or critical depth, d.) begins to decrease due to
difficulties in chip flow and the formation of severe subsurface
damage [19]. The optimum tool rake angle for cutting silicon
has been demonstrated to be approximately —40° [19]. In the
present experiments, the tool rake angle was varied in the range
of 0 ~ —60° to examine the rake angle effect. Other conditions
are the same as Sect. 3.1.

Figure 8 shows the variation in the critical tool feeds f
and f» with respect to the tool rake angle. The measurement of
fe1 and f.o was made at the [112] orientation, with error bars
showing the maximum and minimum values. In the figure, only
the region below the curve of f.; and above the curve of f.
(fe1 > f> fe2) is aductile region, while other regions, shaded in
the figure, are brittle regions. It can be seen that as tool rake angle
changes from 0 to —60°, both f,; and f., increases. However,
the increase in f,; is greater than the increase in f,, such that the
resulting ductile region becomes narrower as the tool rake angle
decreases. The —20° tool rake angle corresponds to the widest
ductile region. When the rake angle decreased to —60°, f.» be-
comes larger than f, thus no ductile region exists. Figure 9 is
an SEM photograph of a surface machined using a tool with
a —60° rake angle. The entire surface is severely damaged with
connecting B-type microfractures. These results are significantly
different from the results for diamond turning of silicon [19].

3.4 Effect of cutting fluid

Kerosene liquid, water, dehydrated methanol and acetone were
investigated as cutting fluids, in addition to kerosene mist, in
order to investigate the effect of the cutting fluid on material re-
moval. These cutting fluids are known to have significant ability
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Fig. 8. Effect of tool rake angle on the critical tool feeds for the two micro-
fracturing regimes

to improve tool life in SPDT. Figure 10 shows the variation in the
critical tool feeds f.; and f., when different cutting fluids were
used at the —30° rake angle. It can be seen that cutting fluids
that increase f.» have the opposite effect on f;i, and vice versa.
Among the five kinds of cutting fluids, kerosene mist (1) pro-
duces the widest ductile region, whereas only brittle cutting can
be achieved using acetone or methanol (4 and 5).

Generally, the effect of a cutting fluid involves thermal, tri-
bological and chemical aspects. While the origin of B-type mi-
crofracturing can not be clarified on the basis of the present re-
sults, one possible reason may be attributable to thermal effects.
As known from cutting principles, the heat generated by cutting
deformation causes the temperature of the near surface region to
rise significantly compared to the interior material. In diamond
turning of metals such as copper and aluminium, the surface tem-
perature rise has been reported to be 200 °C and 220 °C, respec-
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Fig. 10. Effects of cutting fluids on the critical tool feeds for the two types
of micro fractures when cutting with a —30° rake angle tool



tively [20,21]. A similar temperature rise may take place in the
SPDT of brittle material if the material is removed in a ductile
mode. The high surface temperature, however, will drop rapidly
due to the cooling effect when a cutting fluid is used. The cyclic
temperature fluctuation will cause tensile stress in the near sur-
face layer, eventually leading to crack initiation along the cleavage
planes of the crystal. The fact that the B-type microfracturing is
significant for CaF, but insignificant for silicon and metals would
be due to the fact that the thermal conductivity of CaF; is ex-
tremely low (0.06 times that of silicon) and thermal expansion
coefficient is extremely high (5.8 times that of silicon). This ther-
mal property leads to a significant temperature gradient and con-
sequently a sharp stress gradient between the near surface layer
and the internal region, which drives crack initiation. The above
explanation is in good agreement with the experimental results of
tool feed effect and rake angle effect. Under an extremely low tool
feed, both the specific cutting energy per tool pass and the number
of tool pass per unit surface area increases significantly, which re-
sults in a high temperature rise. Similarly, a higher negative rake
angle also leads to a higher temperature rise, increasing the possi-
bility of B-type microfracturing.

If the above conjecture is true, it may be possible to elimi-
nate B-type microfracturing by avoiding the use of cutting fluids.
Because in dry cutting there is no rapid cooling effect, the cut-
ting heat in the surface layer can be conducted gradually into
the internal region and the environment, preventing the forma-
tion of sharp temperature gradient. Based on this assumption, the
authors performed SPDT tests under dry conditions. Figure 11 is
an SEM photograph of the surface machined at varied tool feed
under dry conditions, where all other conditions are the same
as in Fig. 3. In the high feed region (A), similar to Fig. 3, A-
type microfracturing occurs. However, in the low feed region
(B), smooth ductile surfaces were obtained without any visible
damage. Also, it is noticed that the critical tool feed for A-type
microfracturing f.; (7 um) has been greater than that of cutting
using a fluid.

Finally a small CaF; specimen, 25 mm in diameter and 3 mm
in thickness, was machined under dry conditions for the purpose
of examining the surface by AFM. A —20° rake angle tool was
used at the tool feed of 1 wm, depth of cut of 1 um and cutting
edge angle of 0.6°. Under these conditions, the whole surface of
the specimen was ductile cut. Figure 12 is an AFM image of the
surface. The surface consists of periodical tool feed marks with
a surface roughness of 15nm Ry and 2.4 nm Ra. Figure 13 is
an SEM photograph of the chips collected under the above con-
ditions. The chips are formed as continuous ribbons, similar to
those produced by metal cutting. These chips indicate that the
workmaterial has been removed in a completely ductile mode.

4 Conclusions

Single-crystal CaF, has been machined in the micrometer-
nanometer level by single-point diamond turning under various
conditions. The experimental results can be summarised as
follows:

Fig. 11. SEM photograph of the CaF, surface machined at continuously var-
ied tool feed under dry cutting conditions, showing micro fractures in the
high-feed region (A) but no micro fractures in the low-feed region (B)

[pm]

Fig. 12. AFM image of the CaF, surface machined at a tool feed of 1 um
under dry cutting conditions. The surface is completely ductile cut and the
surface roughness is 15 nm Ry and 2.4 nm Ra

1. Two major types of microfractures occur during wet cutting,
namely, Type A and Type B. The A-type microfracture is one
to 10 microns in size and occurs under high tool feed con-
ditions, whereas the B-type microfracture is on the order of
100 microns in size and occurs under extremely low tool feed
conditions. The A-type microfracture is due to the size effect
and the crystallographic effect of the ductile-brittle transi-
tion, while the B-type microfracture results probably from
the thermal effect. As a result, ductile regime machining is
only possible when the tool feed is between the two critical
tool feeds of these two types of microfracturing.

2. A-type microfracturing is significantly affected by the work-
piece crystal orientation. The (112) orientations correspond
to the largest fracture depth while the (101) orientations are
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Fig. 13. SEM photograph of continuous CaF; chips obtained in dry cutting,
indicating ductile-regime material removal

most easily to be ductile cut. B-type microfracturing is inde-
pendent on the crystal orientation.

3. The critical tool feeds of both types of microfracturing are
significantly affected by tool rake angle. The —20° rake
angle corresponds to the broadest tool feed range for ductile
regime machining.

4. B-type microfracturing depends on the cutting fluid type. Per-
forming dry cutting can eliminate B-type microfracturing.
During dry cutting, the formation of continuous chips and
ductile-cut surfaces with nanometric roughness were con-
firmed.

The future direction of this work is along two lines, namely:
investigating the thermal and crystallographic effect on the ma-
chining mechanism in detail and applying dry cutting to the
fabrication of aspheric and diffraction optical elements of CaF,.
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