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a  b  s  t  r  a  c  t

To  realize  ultimately  efficient  signal  processing,  it is  necessary  to  replace  electrical  signal  processing
circuits  with  optical  ones.  The  optical  micro-resonator,  which  localizes  light  at a certain  spot,  is  an  essen-
tial component  in  optical  signal  processing.  Single-crystal  calcium  fluoride  (CaF2)  is  the  most  suitable
material  for  a highly  efficient  optical  micro-resonator.  The  CaF2 resonator  can  only  be  manufactured
by  ultra-precision  machining  processes,  because  its crystal  anisotropy  does  not  allow  the  application  of
chemical  etching.  However,  the  optical  micro-resonator’s  performance  depends  definitely  on the  surface
integrity.

This study  investigated  the relationship  between  surface  quality  after ultra-precision  machining  and
crystal  anisotropy.  Firstly,  crack  initiation  was  investigated  on  the  (1 0  0),  (1 1  0),  and  (1  1  1)  planes  using
the  micro-Vickers  hardness  test. Secondly,  brittle-ductile  transition  was  investigated  by orthogonal  cut-
icro-Vickers
rthogonal cutting

ting tests.  Finally,  cutting  performance  of  cylindrical  turning  was evaluated,  which  could  be  a  suitable
method  for  manufacturing  the  CaF2 resonator.  The  most  difficult  point  in cylindrical  turning  of  CaF2 is
that  the  crystalline  plane  and  cutting  direction  vary  continuously.  In  order to  manufacture  the  CaF2 opti-
cal  micro-resonator  more  efficiently,  analysis  was  conducted  on  crack  initiation  and  surface  quality  of  all
crystallographic  orientations  from  the  perspective  of  slip  system  and  cleavage.

© 2014  Elsevier  Inc.  All  rights  reserved.
. Introduction

The development of the optical transmission technique has
ncreased the transmission speed of communication devices dra-

atically. Although a signal is transmitted as an optical signal,
t currently needs to be converted into an electrical signal for
ignal processing purposes. Transmission speed decreases in elec-
rical signal processing and energy loss occurs in an integrated
ircuit through heat. Extremely high processing speed and a reduc-
ion in energy loss could be achieved if a conventional signal
rocessing circuit was replaced by an optical one. Optical micro-

esonators localize light at certain spots and are essential for
ptical signal processing. While various semiconductor materials
uch as Silicon or SiO2 are utilized for optical micro-resonators

∗ Corresponding author. Tel.: +81 45 566 1657; fax: +81 45 566 1657.
E-mail address: azami@ams.sd.keio.ac.jp (S. Azami).

ttp://dx.doi.org/10.1016/j.precisioneng.2014.11.007
141-6359/© 2014 Elsevier Inc. All rights reserved.
[1–3], CaF2 [4] could be the most suitable material from an
absorption coefficient viewpoint. Etching and irradiating with a
CO2 laser have been generally employed for the manufacturing
process. However, the application of these processes to CaF2 is hin-
dered by two  problems: the difficultly in controlling anisotropic
etching for fabrication of a bulge-shaped resonator [5] and break-
age of a single-crystal structure by laser heat. Additionally, the
actual performance of the CaF2 optical micro-resonator fabricated
by these processes becomes lower than ideal.

The prospective and feasible CaF2 resonator fabrication tech-
nique is ultra-precision turning and polishing, as shown by Maleki
[6,7]. Although the polishing process is required to make the sur-
face of a resonant part smoother, prolonged polishing reduces
form accuracy. To shorten polishing time, it is necessary to make

a smoother surface at the ultra-precision cutting process stage
[8–11]. In addition, the single-crystal CaF2’s characteristics indicate
hard brittleness and crystal anisotropy [12–14]. Yan [15] showed
that crack initiation depended on cutting direction and that the

dx.doi.org/10.1016/j.precisioneng.2014.11.007
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2014.11.007&domain=pdf
mailto:azami@ams.sd.keio.ac.jp
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Table 1
Angles between each plane of a calcium fluoride structure.

Crystal plane Angle between crystal plane
orientation and slip plane

Angle between crystal plane
orientation and cleavage plane

1 0 0 0.0, 90.0◦ 54.7◦

F
a

S. Azami et al. / Precision E

ritical depth of cut changed remarkably on the basis of the crystal
rientation. Previous CaF2 machining studies have focused on face
urning, and showed that the crystalline plane was set to constant.
or cylindrical turning on the other hand, which is the fabrication
echnique for the bulge-shaped resonator, the crystalline plane and
utting direction vary continuously.

The objective of this study was to analyze crack initiation and
urface quality in terms of crystal anisotropy. Firstly, a micro-
ickers hardness test was performed to investigate the hardness
nd plastic deformation of CaF2 on the (1 0 0), (1 1 0) and (1 1 1)
lane. Secondly, orthogonal CaF2 cutting tests were performed to
xamine brittle-ductile transition and the critical depth of cut.
inally, cylindrical turning was performed on CaF2 workpieces with
hree crystal structures: end face orientation (1 1 1), (1 1 0), and
1 0 0). As crystalline plane and cutting direction vary continu-
usly, crack initiation and surface quality could be analyzed from
he perspective of slip system and cleavage for all crystallographic
rientations.

. Micro-Vickers test

.1. Experimental setup

A micro-Vickers hardness test [16] was performed with a
ardness testing machine (MVK-H12, Akashi), which enabled

o control the load force (0.05–10 N). A CaF2 workpiece
38.0 mm × 13.0 mm × 1.0 mm)  was pre-polished to remove exist-
ng micro-cracks. The pyramidal shape of the indenter had an
ngle of 136◦ between opposite faces. It is important for crystalline

ig. 1. Optical microscope images of the indentation, for (a) the (1 1 1) plane with a 1.0 N 

 5.0 N load force.

Fig. 2. Expanded schematic overview of the crack initiation mechani
1 1 0 45.0, 90.0◦ 35.5, 90.0◦

1 1 1 54.7◦ 70.5, 109.5◦

material machining to produce plastic deformation and prevent
crack initiation caused by cleavage. CaF2 generally has a fluorite-
type crystal structure, in which the cleavage plane is {1 1 1} and
the slip system is {1 0 0} < 1 1 0>. In this test, the plastic deforma-
tion and crack initiation mechanisms were investigated from the
slip system and cleavage perspective.

2.2. Plastic deformation and crack initiation

Fig. 1 shows the initiation of a crack on each plane
viewed through an optical microscope (VH-Z100UR and VH-Z450,
KEYENCE). Single-crystal CaF2 exhibits a cubic structure (calcium
fluoride structure). The angles of the slip and cleavage plane are
listed in Table 1. In a general micro-Vickers hardness test, a crack
appeared along the indenter corner and no cracks appeared along
the indenter ridgeline. A crack emanated at load forces of 0.5, 1.0,

and 5.0 N on the (1 1 0), (1 1 1) and (1 0 0) planes, respectively. Fig. 2
illustrates the mechanism of plastic deformation corresponding to
the slip system and cleavage. On the (1 1 0) plane, cleavage planes
existed at an angle of 0◦, which corresponded to the indentation

load force, (b) the (1 1 0) plane with a 0.5 N load force, and (c) the (1 0 0) plane with

sm, with (a) the (1 1 1), (b) the (1 1 0), and (c) the (1 0 0) plane.
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Table 2
Cutting conditions.

Crystal plane: (1 1 1), (1 1 0), (1 0 0) Lubricant: Kerosine (liquid)
Feed  rate mm/min: 100–200 Depth of cut �m: 0–2.0
Cutting direction◦: 0–150 D/L: 1/500

Fig. 3. (a) Experimental set-up, and (b) the single-crystal diamond tool.

Fig. 4. Machined surfaces of the (100) plane after orthogonal cutting, for a cutting direction of (a) 0◦ , (b) 30◦ , (c) 60◦ , (d) 90◦ , (e) 120◦ , and (f) 150◦ .

Fig. 5. Critical cut depth versus cutting direction, for (a) the (1 0 0), (b) the (1 1 0), and (c) the (1 1 1) plane.
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Fig. 6. Crystallographic image of the machined surface, for 

Fig. 7. Geometrical type WGM  resonator.

Fig. 8. (a) Experimental setup and (b

Fig. 9. Crystallographic image of the observation point viewed from
(a) the (1 0 0), (b) the (1 1 0), and (c) the (1 1 1) plane.

direction. In cleavage planes, tensile stress aided, resulting in crack
emanation at loads of just 0.5 N. Additionally, on the (1 1 1) plane,
the cleavage plane was closer to the indentation direction than on
the slip plane. Cleavage therefore tended to take place and crack ini-
tiation occurred at 1.0 N loads. For the (1 0 0) plane, the slip plane
(0 0 1) corresponded to the indentation direction. Plastic deforma-
tion was therefore generated more easily and a crack did not tend
to occur on the (1 0 0) plane like on the other two planes. It was
clarified that the slip system and cleavage were strongly related to
crack initiation.

3. Orthogonal cutting test

3.1. Experimental setup
An orthogonal cutting test [17] was  carried out to investigate
the cutting mode transition from ductile to brittle in relation to
the depth of cut. A three-axis ultra-precision vertical machine tool

) single-crystal diamond tool.

 the end face, for end face (a) (1 1 1), (b) (1 1 0), and (c) (1 0 0).
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Fig. 10. Cylindrical surface roughness after turning with end face (1 1 1).

UVM-450C, TOSHIBA MACHINE) was used. The tilt ratio D/L (incre-
ent in the depth of cut per unit cutting length) was adjusted

o 1/500, which meant that the scratch length was 5 mm and the

aximum depth of cut was  10 �m.  This tilt ratio was  actually set

ccording to the relationship between the y- and z-axis feed rate
y a numerical control (NC) program. The cutting conditions are

isted in Table 2. A scanning electron microscope (SEM-VE7800,

ig. 11. Machined cylindrical surfaces with end face (1 1 1), for (a) (0 1 −1) [−1 1 1], (b) (−
−11  8 3) [−7 −13 10], (g) (−211) [−3 −15 8] and (h) (−11 3 8) [0 −8 3].
ering 40 (2015) 172–181

KEYENCE) image of the single-crystal diamond tool (with a 0.5 mm
nose radius, −20◦ rake [18], 10◦ flank, and (1 0 0) rake face) is shown
in Fig. 3(b). The workpiece was fixed on a holder stage by the vac-
uum chuck (Fig. 3(a)). The workpiece holder consisted of a base
plate, dynamometer, adapter plate, and a vacuum chuck. After the
orthogonal cutting test, the machined plane was observed under
the optical microscope and the depth of cut was  measured under a
scanning white light interferometer (New View TM6200, Zygo).

3.2. Critical depth of cut corresponding to crystal orientation

To investigate critical depth of cut according to crystal ori-
entation, orthogonal cutting tests were performed in each 30◦

cutting direction on each plane. Fig. 4 shows the microscopic
images of the machined surface on the (1 0 0) plane in each cutting
direction, with the criterion set to the [0−1−1]. Cracks appeared
to initiate according to cutting direction. Fig. 5 shows the relation-
ship between critical depth of cut and cutting direction on each
plane, which are the (1 0 0), (1 1 0), and (1 1 1) plane. Fig. 6 illustrates
the crystallographic images of each machined plane. On the (1 0 0)

machined plane, the critical depth of cut became deeper in the 0◦

and 90◦ cutting directions (Fig. 5(a)). These cutting directions coin-
cided with the slip system, which could lead to plastic deformation.
On the (1 1 0) and (1 1 1) planes, the slip system (shown with the

3 11 8) [−1 07 13], (c) (1 2 1) [8 3 15], (d) (8 11 −3) [−3 0 8], (e) (−1 1 0) [−1 −1 1], (f)
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Fig. 12. Crystallographic images of machined cylindrical surfaces with end face (1 1 1), for (a) (0 1 −1) [−1 1 1], (b) (−3 11 8) [−1 07 13], (c) (1 2 1) [8 3 15], (d) (8 11 −3) [−3 0 8],
(e)  (−1 1 0) [−1 −1 1], (f) (−11 8 3) [−7 −13 10], (g) (−2 1 1) [−3 −15 8] and (h) (−11 3 8) [0 −8 3].
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ig. 13. Schematic view of the tensile stress state during cylindrical rough turning.

ed arrow) might have influenced the deeper critical depth of cut.
s a result, the critical depth of cut needs to be set below 50 nm,
hich lead to ductile-mode cutting on all crystallographic orien-

ations. Taking into account slip system and cleavage, it could be
ossible to predict the surface quality.

. Ultra-precision cylindrical turning

.1. Experimental procedure

Cylindrical turning was carried out by the ultra-precision
spheric surface machine tool (ULG-100E, TOSHIBA MACHINE) for
abricating optical micro-resonator, as shown in Fig. 7. The CaF2
orkpieces (with a 6 mm diameter and 30 mm length) with end

ace orientations (1 1 1), (1 1 0), and (1 0 0) were prepared. Fig. 8(a)
hows the experimental setup for cylindrical turning. A workpiece
xed with a brass jig was mounted onto the vacuum chucks. Firstly,
rittle region rough turning was performed to form the 1 mm diam-
ter under the following cutting conditions: 1000 min−1 rotation
peed, 20 �m/rev feed per revolution, and 2 �m depth of cut. After-
ard, pre-finish cutting was performed to remove the large cracks
nder the following cutting conditions: 1000 min−1 rotation speed,
 �m/rev feed per revolution, and 100 nm depth of cut. Finally,
uctile-mode finish cutting was performed under the condition
hown in Table 3. As a result, the total removal thickness in finish
utting was set to 6 �m.

able 3
inish turning conditions.

Cutting speed m/min: 3.14 D
Rotation speed min-1: 1000 R
Feed  �m/rev: 0.3 En
Fig. 14. Cylindrical surface roughness after turning with end face (1 1 0).

According to the abovementioned orthogonal cutting test, the
depth of cut could be set at 50 nm to produce a homogeneous duc-
tile surface on all crystallographic orientations. In addition, from
the previous research [19], it was  found that the feed per revolution
in the range of 0.1–0.7 �m/rev does not affect the machined cylin-
drical surfaces at the 50 nm depth of cut. Hence, 0.3 �m/rev feed
per revolution was  employed in the finish condition. The scanning
electron microscope image of the single-crystal diamond tool (with
a 0.2 mm nose radius, −20◦ rake [18], and 8◦ clearance) is shown
in Fig. 8(b). Fig. 9 shows the observed machined surfaces from the
view of each end face, viewed through the optical microscope (VH-
Z100UR, KEYENCE) and scanning white light interferometer (New
View TM6200, Zygo).

4.2. Experimental results and discussion

4.2.1. End face orientation (1 1 1)

Surface roughness seemed to depend on crystal anisotropy

(Fig. 10). Fig. 11 shows the cylindrical machined surfaces mea-
sured at 15◦ intervals at the criterion plane of (a) (01−1).
Fig. 12 represents the corresponding crystallographic images of the

epth of cut nm:  50
emoved thickness �m: 1.0

d face: (1 1 1), (1 1 0), (1 0 0)
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ylindrical surfaces. At this crystal structure, its cycle was 120◦

hen taking into account the symmetry structure and surface
oughness value. According to the orthogonal cutting test of the

1 1 0) plane, the critical depth of cut in a [−1 1 1] and [−1 −1 1]
irection was over 500 nm.  Because of this, the machined surfaces
f (a) and (e) were smooth with no micro-cracks. In the machined
urfaces of (b), (c), (f), and (g), cracks appeared along the cleavage

ig. 15. Machined cylindrical surfaces with end face (1 1 0), for (a) (1 1 1)[1 −1 −2
3  −3 −2)[−1 1 −3], (f) (40 −40 −47)[−1 01 0 −17], (g) (1 −1 −2)[−1 1 −1], (h) (6 −6 −23)[−
nd  (l) (−1 0 1 0 −1 7)[−6 6 7].
ering 40 (2015) 172–181

plane’s side-line. The cutting stress state of brittle cutting region
cutting has previously been discussed by Yan [20]. In cylindrical
rough turning, there exists a concentration region of tensile stress in

front of the diamond tool [21,22]. This tensile stress could be accu-
mulated by repeated rough turning and be liable to cause cleavage
and deeper cracks (Fig. 13). The deeper cracks with a thickness
larger than 6 �m could not be removed after finish turning. More

], (b) (23 −23 12)[6 −6 23], (c) (4 −4 −1)[−1 1 −8], (d) (4 −4 −1)[−1 1 −8], (e)
1 9 1 9 −1 0], (i) (3 −3 4 6)[−2 3 2 3 −3], (j) (−4 4 −3 3)[−4 4 1], (k) (−1 1 −3)[−3 3 2],
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Fig. 16. Crystallographic images of machined cylindrical surfaces with end face (1 1 0), for (a) (1 1 1)[1 −1 −2], (b) (23 −2 3 1 2)[6 −6 2 3], (c) (4 −4 −1)[−1 1 −8],
(d)  (4 −4 −1)[−1 1 −8], (e) (3 −3 −2)[−1 1 −3], (f) (40 −4 0 −4 7)[−1 0 1 0 −1 7], (g) (1 −1 −2)[−1 1 −1], (h) (6 −6 −2 3)[−1 9 1 9−1 0], (i) (3 −3 4 6)[−2 3 2 3 −3], (j)
(−4  4 −3 3)[−4 4 1], (k) (−1 1 −3)[−3 3 2], and (l) (−10 10 −17)[−6 6 7].
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4.2.3. End face orientation (1 0 0)
Surface roughness is shown in Fig. 17. Figs. 18 and 19 show

the cylindrical machined surfaces at 15◦ intervals at the crite-
rion plane of (a) (0 1 0) and the corresponding crystallographic
nish cutting processes were needed to remove all cracks, which
esulted in lower resonator production efficiency.

.2.2. End face orientation (1 1 0)
From Fig. 14, it is clear that surface roughness strongly depended

n crystal anisotropy. Figs. 15 and 16 show the cylindrical machined
urfaces at 15◦ intervals for the criterion plane (a) (1 −1 1) and the
orresponding crystallographic images. From the relation between
he symmetry structure and surface roughness, it appeared that
his crystal structure’s cycle was 180◦. In the surfaces (a) and
f), the cutting plane was the same as the cleavage plane, nev-
rtheless the surface quality was different. The same tendency
xisted for the orthogonal cutting test of a (1 1 1) plane. The criti-
al depth of cut on the (f) surface was around 600 nm,  while that
n the (a) surface was below 100 nm.  A crack shaped like a tri-
ngular pyramid was observed in the images of the (g) and (h)
urfaces. The shape might conceivably emanate along a (1 −1 −1)
leavage plane. In the surfaces of (c) and (d), cracks like dim-
les were observed. According to the micro-Vickers hardness test,
racks tended to be easily initiated on a (1 1 0) plane. Similarly,
n cylindrical turning the negative rake face made the material
xtruded like the indenter probe and the thrust force could be
ertically applied to a (1 1 0) plane. In the surfaces of (j) and (k),
he slip system of (0 0 −1)[−1 1 0] contributed to the smooth sur-
aces, which was consistent with the result of the orthogonal
utting test on the (1 0 0) plane. On the other hand, in the sur-
ace of (i), the surface quality was not good, although the slip
ystem of (0 0 −1)[−1 1 0] should theoretically take place. Plastic
ow appeared to be obtained instead of cracks. It was  conceiv-

ble that the crystal property could be changed at the switching
oint of the slip system. Additional studies are however required.

n the surfaces of (e) and (l), it was clear that large cracks remained
ven after ductile region finish turning. When the cutting force
was applied along the cleavage plane, the thrust force is likely
to cleave the surface vertically. Actually, approximately 15 �m
depth of cracks remained, which was larger than the total removed
thickness of finish turning. In spite of the ductile mode cutting
condition at 50 nm depth of cut, a whole fine surface could not
be achieved. This would be because of the difference in cutting
speed. High cutting speed might increase the influence of crys-
tal anisotropy on the machined surface quality, because it was
found that the critical depth of cut tended to decrease with increas-
ing cutting speed in CaF2 cutting [23]. Crystal structure with end
face orientation (1 1 0) was therefore not suitable for resonator
production.
Fig. 17. Cylindrical surface roughness after turning with end face (1 0 0).
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Fig. 18. Machined cylindrical surfaces with end face (1 0 0), for (a) (0 1 0)[0 0 1], (b) (0 15 4)[0 −4 1 5], (c) (0 7 4)[0 −4 7], (d) (0 1 1)[0 −1 −1], (e) (0 4 7)[0 −7 4], and (f)
(
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F
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0  4 15)[0 −1 5 4].

mages. At this crystal structure, its cycle was 90◦, when tak-
ng the symmetry structure and surface roughness into account.
nlike for the other workpieces, such as end face orientation

1 1 1) and (1 1 0), smooth surfaces could be achieved without
racks and the surface roughness was below 1.7 nm.  From a
echanics and crystallography perspective, cutting force could be

venly distributed on the cleavage planes arranged on both sides,

ecause of the mirror symmetry structure of end face orientation
1 0 0) (Fig. 20). This crystal structure enabled a smooth surface
hroughout the whole cylindrical surface. The crystal structure

ig. 19. Crystallographic images of machined cylindrical surfaces with end face (1 0 0)
0  4 7)[0−74], and (f) (0 4 15)[0−154].
was therefore the most suitable for CaF2 optical resonator fabri-
cation.

Based on this study, a future outlook can finally be
introduced. Some crystal planes seemed to be simultaneously
affected by the slip system and cleavage. To analyze the cut-
ting mechanism in detail, atomic density or filling rate at
atomic level should be taken into account. Furthermore, at

the resonator manufacturing stage, it is effective to evalu-
ate the relationship between subsurface damage and resonator
performance.

, for (a) (0 1 0)[0 0 1], (b) (0 15 4)[0−415], (c) (0 7 4)[0−47], (d) (0 1 1)[0−1−1], (e)
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Fig. 20. Distribution of cutting fo

. Conclusions

This study focused on ultra-precision machining of single-
rystal CaF2 to be able to manufacture optical micro-resonators
ore efficiently. We  analyzed surface quality and crack initiation,

n terms of slip system and cleavage, through three experiments: a
icro-Vickers test, an orthogonal cutting test, and ultra-precision

ylindrical turning. The following conclusions were drawn:

. The micro-Vickers test revealed that plastic deformability varied
according to crystal orientation. Plastic deformation was  gener-
ated more easily and cracks tended not to appear on the (1 0 0)
plane compared to the (1 1 1) and (1 1 0) planes.

. The orthogonal cutting tests revealed that critical depth of cut
tended to become deeper when the cutting direction corre-
sponded to the slip system. It could be possible to predict
surface quality after cutting when taking the crystal structure
into account.

. In cylindrical turning, deeper cracks with a thickness above 6 �m
remained even after finish turning. This could be because tensile
stress was accumulated by repeated brittle mode rough turning.

. A smooth surface could be achieved throughout the whole
cylindrical surfaces of CaF2’s crystal structure with end face ori-
entation (1 0 0). The cutting force could be evenly distributed on
the cleavage planes because of its mirror symmetry structure.

In future, the atomic density or filling rate on machined sur-
aces needs to be considered. It is effective to evaluate the relation
etween subsurface damage and resonator performance at the res-
nator manufacturing stage.
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