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Abstract

Positive improvements have been observed during machining brittle materials under high hydrostatic pressure, but the
techniques to achieve such desirable effects often utilize complex and expensive equipment or tools. This work presents a
cost-efficient method to achieve ductile-mode machining of brittle materials at higher uncut chip thicknesses, by the appli-
cation of a solidified coating on workpiece surface before a machining process. Orthogonal microcutting experiments were
conducted on calcium fluoride single crystals oriented with the (111) plane and an increase in critical uncut chip thickness was
observed with the solidified coating. The primary cause has been resolved to be mechanical-related and results in a stabilized
microcutting process. Transmission electron microscopy provided evidence of slip deformation occurring in the machined
subsurface regions and a layer thickness of subsurface damages reduced by ~45% under the influence of the solidified coat-
ing. In addition, erratic fluctuations in direction of the resultant machining force were subdued with the applied coating,
which is proved to be caused by the compressive stresses induced from the sandwiching of the CaF, material between the
tool and the solidified coating. The proposed technique successfully reduces the cost and pollution in the fabrication process
of optical components from the use of coolant in an ultraprecision machining process to the time consumed by eliminating
the subsurface damage with abrasive slurries in post-machining polishing.
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List of Symbols properties. Calcium fluoride (CaF,) is commonly used

r  Tool nose radius in advanced optical systems due to its wide transmission
w  Width of groove range (0.125-12 um) and chemical stability [1]. However,
a, Uncut chip thickness this material presents a great tendency to exhibit brittle fail-
F. Cutting force ure through the formation of microcracks on the machined
F, Thrust force surface. With the aid of an ultraprecision machining center
Fr Resultant force equipped with single crystal diamond cutting tool, ductile-
F,  Shear force mode machining can be realized with a deterministic uncut
¢  Resultant force inclination angle chip thickness to produce crack-free freeform surfaces on

semiconductors and optical components [2, 3]. Prior to brit-
tle failure, ductile-regime cutting manifests when machin-

1 Introduction

Over the recent years, the development of materials in
the semiconductor and optics industries is extremely
popular in view of the exclusive electronic and physical
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ing below a material specific critical uncut chip thickness,
further known as the ductile-brittle transition (DBT), and
removes work material by plastic flow [4]. Nakasuji et al. [5]
proposed two mechanisms for the DBT to occur: (1) plastic
deformation by slip along the characteristic slip plane and
cleavage fracture relative to the cleavage plane, and (2) the
density of subsurface defects encompassed by critical stress
field ahead of the cutting tool that influences the critical
stress values for slip and cleavage. Hence, the DBT is unique
to each material and crystallographic orientation. Under
ductile-mode cutting conditions, the workpiece material is
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deformed plastically, and continuous chips can be produced.
The primary slip system and cleavage plane of CaF, crystal
is {001}(110) and (111), respectively.

A substantial body of research has been invested to
develop unique ultraprecision machining techniques to
enhance the machinability of brittle materials (i.e. increas-
ing the critical uncut chip thickness to achieve crack-free
surface finishing). Suzuki et al. [6] performed ultrasonic
elliptical vibration cutting to significantly increase the criti-
cal undeformed chip thickness of sintered tungsten carbide,
zirconia ceramics, calcium fluoride and glass. To et al. [7]
showed an improvement in critical uncut chip thickness of
hydrogen ion implanted silicon on an ultraprecision raster
milling machine. Thermally enhanced microcutting was
also proposed to activate secondary slip systems [8, 9] and
reduce the material yield strength for increased plasticity
during machining [10]. Ductile-mode machining of brittle
materials was also observed at depths beyond the respective
critical values inside a constructed pressurized steel vessel
that induced an external hydrostatic pressure [11, 12].

1.1 Hydrostatic Pressure on Brittle Materials

The first observation on the enhanced ductility of brittle
materials was made by Bridgman [13] in 1947. Compression
and tensile tests under an external hydrostatic pressure by
complete liquid immersion were performed on several mate-
rials such as glass (Pyrex) and synthetic sapphire (Al,O3). It
was believed that the externally applied pressure influenced
the net stresses acting on the material required for an energy-
releasing process that determined the corresponding fracture
strength of the material.

Two energy-releasing processes occur under tensile force
conditions. Namely, the work done in elongation from the
tensile forces and the work done by the liquid pressure act-
ing on cracks formed on the external surfaces as shown in
Fig. 1a. Furthermore, the increase in lateral contraction with
increase in tension forces displaces molecules which serve
as internal wedges for fracture initiation during tension. On
the other hand, the increase in material volume upon release
of compressive forces during compression testing produces
the only energy-releasing process for failure, while work
is done against the external pressure as shown in Fig. 1b.
Therefore, higher compressive stresses on the brittle mate-
rials could be observed before failure, under the externally
applied pressure.

1.2 Machining of Brittle Materials
under Hydrostatic Pressures

The study of machining under an externally applied

hydrostatic pressure was inspired by the positive enhance-
ments in machining brittle materials with large negative
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Fig.1 Schematic of fracture processes under externally applied
hydrostatic pressures in: (a) tensile and (b) compressive tests

rake angled cutting tools. The improvement follows the
increase in hydrostatic pressure beneath the cutting tool
that increases the material plasticity for ductile-regime
machining. This has been proven to be true across all
scales of brittle material machining, from macroscale
drilling of rocks [14] to nanometric grinding process [15].

Yoshino et al. [16] developed a machining apparatus
and performed constant-load scratching of silicon in ves-
sel pressurized to 400 MPa with kerosene. Multiple cracks
were observed under normal conditions, but smooth sur-
faces were produced on the grooves under the applied
hydrostatic pressure. Yan et al. [12] used the same device
to perform facing experiments on single crystal silicon
using a single crystal diamond tool. Smooth crack-free
surfaces were reported when machining under external
hydrostatic pressure, with the generation of continuous
chips similar to that observed in machining ductile met-
als. Yoshino et al. [17] later developed a new apparatus
to study the effects of the externally applied hydrostatic
pressure on various glassy materials, and crystalline struc-
tured brittle materials. They reported greater influences of
the hydrostatic pressure on crystalline materials, with an
increase in the DBT by an order of six and nine for silicon
and quartz, respectively.

One school of thought for the increase in ductility is
the structural transformation into a metallic state in the
workpiece material under high hydrostatic pressure [12].
Another generic theory for the mechanism for improvement
in machinability of brittle materials can be described as the
suppression of subsurface micro-crack propagation. Yoshino
et al. [11] reasoned that the existence of subsurface defects
served as the initiation points of brittle-mode machining
instead of surface crack formations. Under high external
hydrostatic pressure, micro-crack propagation is arrested by
the resultant compressive forces acting on these defects that
arrest crack propagation as shown in Fig. 2a. However, sur-
face cracks exposed to the high-pressure medium would add
stresses at the crack tips and further promote surface crack
propagation (Fig. 2b), which contradicts the experimental
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Fig.2 Schematic of crack origins during machining under an exter-
nally applied hydrostatic pressure with (a) subsurface defects and (b)
surface micro-cracks

findings of machining brittle materials under an external
hydrostatic pressure.

The mechanism was further developed using an analytical
model adapted from Griffith’s theory on fracture mechan-
ics. The fundamental criterion for crack elongation depends
on the stress intensity factor induced by the stresses at the
crack tip, which has to exceed the material fracture tough-
ness for crack propagation. Yoshino et al. [17] explains that
the resultant tensile stress acting on the subsurface defects
is reduced by the hydrostatic pressure, which ultimately
reduces the stress intensity factor.

While the benefits of enhancing the machinability of brit-
tle materials under hydrostatic pressure are evident, sophis-
ticated apparatuses are required to achieve the desirable
machining benefits. In this work, surface solidified media
will be applied on calcium fluoride (CaF,) single crystals,
as an easy means to induce an external compressive pressure
that is analogous to the pressurized fluid acting on the work-
piece during machining. In contrast to the current under-
standing of the hydrostatic pressures that generally suppress
crack propagation on the machined surfaces, this work will

investigate the effects of the localized compressive pressure
acting on the work material ahead of the cutting tool in the
machining process. Ultraprecision orthogonal microcutting
will be employed as a mature technique to first evaluate the
effectiveness of the solidified layer in promoting ductile-
mode machining at higher critical uncut chip thicknesses
across different crystallographic orientations.

Chemical factors may also influence the ductility of brit-
tle materials [13], and potentially affect the properties of
the bulk material as a whole. Another class of reactions that
may manifest, occurs through a chemisorption phenome-
non. Recently, Chaudhari et al. [18] reported the alteration
of material surface mechanical properties with the use of
DYKEM permanent marker ink on copper and aluminum
alloys during microcutting. They observed a reduction in
cutting forces with thinner chip formation and attributed
the phenomenon to the embrittlement of the chips under
the temporary change in surface energy of the metallic sur-
faces. Westwood and Goldheim [19] reported the occur-
rence of similar surface-media effects on CaF, under active
environments, explaining that the mobility of near-surface
dislocations is restricted due to the electron or hole transfers
between the material point defects and the surface-active
media. Hence, microcutting and microhardness indentation
experiments will be performed to disambiguate the working
mechanism from chemical effects.

In addition, the degree of subsurface damage (SSD) will
be evaluated through transmission electron microscopic
analysis of the micromachined grooves. This is particularly
important due to the post-machining residual stresses that
commonly lead to lattice misalignments and further defect
formations in the subsurface regions. SSD is also a major
concern for the machining of optical materials, which hin-
ders optical transmissivity and also results in the evolution
of further material damage in the form of laser irradiation
absorbance [20].

2 Experiments
2.1 Microcutting Setup

Experiments were performed on a Toshiba ULG100 ultra-
precision diamond turning machine as shown in Fig. 3.
Rotary and Z-axis movement is performed through an air
bearing spindle. The X- and Y- positioning of the cutting
tool is driven by servomotors. Calcium fluoride (CaF,) sam-
ples with the (111) oriented face were procured from Latech
Scientific Supply Pte. Ltd. The samples were waxed onto
an aluminum plate that was mounted onto the air bearing
spindle by a vacuum chuck. A single crystal diamond tool
with a nose radius of 0.8 mm was used for trimming and
orthogonal microcutting experiments. Flat sample surfaces
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Fig. 3 Experimental setup on an ultraprecision machining centre

for precise alignment with the workpiece were produced by
trimming for all experiments with cutting conditions stated
in Table 1. The surface roughness of the prepared surfaces
of CaF, was measured using an atomic force microscope
(AFM) to be 2.07 nm Rq.

2.2 Progressive Microcutting

The crystallinity of both materials creates a challenging ani-
sotropic behavior during machining, in that the critical uncut
chip thickness varies with cutting direction. Lee et al. [21]
performed crystal plasticity finite element method (CPFEM)
simulation on a crystalline material and attributed the vari-
ation in cutting forces during face turning to the anisotropic

Table 1 CaF, trimming parameters

Machining parameter Value
Spindle speed (rpm) 1200
Feed rate (mm/min) 1.2
Nominal depth of cut (um) 2
Coolant Oil mist

@ Springer KE;E

effects of the material. Hence, a series of progressive orthog-
onal microcutting experiments were performed along 15°
intervals of the (111) workpiece surfaces as shown in Fig. 4
to analyze the anisotropic characteristics of the material. The
diamond cutting tool was set with an effective rake angle of
—10° and produced each groove at increasing depths at an
inclination of 0.038° from O to 2 um and a constant cutting
speed of 50 mm/min. Dry cutting was selected to eliminate
other factors that may influence the evaluation of the criti-
cal uncut chip thickness. Experiments were performed on
unmodified surfaces of each material to serve as a reference
for comparison. DYKEM high-purity 44 black ink [22] was
applied as a coating and left to solidify on the workpiece
surfaces for 30 min under normal air conditions, prior to
the microcutting tests. For the tests with the coating, the
tool path was defined to produce a microgroove with a final
depth of 2 um into the workpiece material.

The coat was subsequently removed by an ultrasonic bath
in ethanol for 5 min for surface characterization. Optical
microscopy and scanning electron microscopy (SEM) were
employed to identify the DBT point, which is defined as
the depth of cut where cracks appear on the surface. The
respective critical uncut chip thicknesses of each groove can
be calculated based on the defined tool geometry as shown
in Fig. 4. Cutting forces (F,) and thrust forces (F,) were
measured using a Kistler 9251B1 dynamometer and type
5051A amplifiers at a sampling rate of 10 kHz. Forces are
analyzed at the DBT, which is determined by the transition
from a smooth linear progression to an erratically fluctuating

(a)

3-fold symmetrical workpiece

C
( ) Ductile-brittle
transition
Groove
[
Workpiece Cracks

Fig.4 Schematic of progressive orthogonal microcutting at 15° inter-
vals: (a) top surface; (b) cross-section of a groove with solidified
coating; (c) evaluation of critical uncut chip thickness based on tool
geometry and the measured groove width, w
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graph. While it is important to note that tool-tip vibration
at the tool-workpiece and tool-chip interface may result in
a similar fluctuation of forces [23, 24], the results observed
in this work are mainly due to the energy dissipation from
the formation of surface cracks [25]. Three sets of tests
were performed to identify the average critical uncut chip
thickness.

2.3 Verification of Mechanical Effect

The nature of interaction between the workpiece material
and the applied coating was studied over three groups of
indentation experiments that were performed using a Shi-
madzu HMV-2 micro Vickers hardness test machine. To
verify changes in the mechanical properties due to potential
chemical reactions on the surface, three sets of indentations
were performed on the crystal at a constant load of 0.5 N and
a dwelling time of 15 s. Three indentations were conducted
to determine the average hardness for each case. Firstly,
indentations on an unmodified surface were performed as a
reference. Another set of indentations was carried out after
applying a layer of ink that was left to dry under normal
air conditions for 30 min and the last set of indentations
was performed after removing the coating from the material
surfaces. Indentation measurements were performed only
after removal of the coating for each set of results to ensure
fair comparison without the visual hindrance of the coating.

In addition, microgrooves of 500-nm constant depth
(above the conventional critical uncut chip thickness) were
produced by orthogonal microcutting on a face-turned CaF,
sample along the (11 1)[01 l] direction at a cutting speed of
50 mm/min using the Toshiba ULG100 ultra-precision dia-
mond turning machine. Prior to the grooving tests, the work
piece was coated with a thin layer and left to dry for 30 min
before subsequently applying another thicker layer on half
the sample, such that the work material will be removed
under a thin layer of coating and a subsequently thicker layer
along the same groove.

2.4 Evaluation of Subsurface Damage

Orthogonal microgrooves were performed along the
(111)[011] direction with a constant uncut chip thickness
(300 nm—below the conventional critical uncut chip thick-
ness) at 50 mm/min on the Toshiba ULG100 ultra-precision
diamond turning machine to evaluate the effects of the solid-
ified coating on the SSD. Half of the (111) sample surface
was coated with layer of solidified coating, such that the
groove will consist of regions with and without the influence
of the solidified coating. Transmission electron microscopic
(TEM) samples were prepared by a Helios 6001 FEI focused
ion beam (FIB) using the lift-out technique at crack-free
locations on the groove. A layer of platinum (Pt) was first

applied on the nonconductive sample surface to aid image
focusing on the scanning electron microscope (SEM), fol-
lowed by a thicker layer of Pt deposited for ion beam protec-
tion during the ion milling process.

3 Results and Discussion
3.1 Progressive Microcutting

Following our previous work on CaF, in view of the 3-fold
symmetry characteristic [26], 8 out of the 24 cutting direc-
tions (labelled as groove 1-9) will be presented for simplic-
ity with the first groove oriented along the [011] direction.
The minor differences in critical uncut chip thickness results
from the references [26, 27] can be attributed to the dif-
ference in machine tool performance and tool geometries.
Figure 5 presents the critical uncut chip thickness and the
respective cutting and thrust forces along all cutting direc-
tions in a third of the sample surface. Figure 6 shows the
distinct improvement in the DBT under the influence of the
coating. The critical undeformed chip thickness values range
from 9-447 nm under normal circumstances and a general
improvement in critical uncut chip thickness is seen with the
use of the solidified coating. Both cutting and thrust forces
are seen to increase with the application of the solidified
coating, which is a result of the additional material removal
of the solidified coating. The threefold anisotropic charac-
teristic of the (111) plane on CaF, are still preserved under
the influence of the solidified coating.

3.2 Verification of Mechanical Effect

However, the increase in machining forces and incon-
sistent improvement in machinability with the solidified
coating questions the working mechanism of the applied
coating (i.e. chemical or mechanical). Any chemical inter-
action between a surface-active media and the workpiece
should result in the temporary modification of surface
mechanical properties and reflect as a constant enhance-
ment in machinability, which was not observed in these
set of results. Negligible differences in the material hard-
ness of CaF, were observed prior to the application of
the coating and after its removal as shown in Fig. 7. This
indicates insignificant chemical affinity between the work
material and the coating. A minor increase in the hard-
ness during the indentation experiments with the solidified
coating could be attributed to the resistance to deforma-
tion of the coating. This result presents further benefits to
the machining process of these brittle materials, in that
the mechanical integrity of the bulk material will not be
altered by adopting this technique in precision machining.
Figure 8 also confirms the absence of surface chemical
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Fig.7 Vickers microhardness of CaF, at a constant load of 0.5 N
before applying the solidified coating, with the coating applied and
after removing the coating

effects by exhibiting brittle-mode machining, even under
the influence of the applied coating. Interestingly, the
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Fig.8 Optical image of microgrooves produced with constant uncut
chip thickness (500 nm) on CaF, along the (111) [01 1] direction with
applied coating exhibiting ductile-mode and brittle-mode machining

ductile-regime still appears along the groove at the loca-
tions with evidently thicker layers of the coating. Corre-
spondingly, as the coating thickness decreases along the
groove, brittle cracks begin to resurface at a coating thick-
ness of approximately 2.6 um. The coating thickness may
be measured based on the groove width in relation to the
tool geometry in Fig. 4c. This implies that the machina-
bility of these brittle materials is strongly dependent on
mechanical influences of the solidified coating.
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3.3 Evaluation of Subsurface Damage

The XTEM images of the samples shown in Figs. 9a and 10a
display the SSD layer, which is described as a high-density
dislocation zone in the immediate subsurface region [25].
The degree of damage can be analyzed through the different
subsurface layers describing the crystal lattice arrangement.
Blurred regions beneath the machined surface are deter-
mined to be the subsurface damaged layer induced during
the microcutting process and measure up to 73 nm thick for
the sample machined without applying the solidified coat-
ing as shown in Fig. 9a. The SSD layer is observed to be

100 m|

reduced by ~45% to a thickness of 40 nm when machining
with the solidified coating in Fig. 10a. A greater SSD layer
is generally undesirable even though the top sample surface
appears to be crack-free.

Fast Fourier transform (FFT) analyses in Figs. 9c and
10c are used to describe the crystallinity of the subsurface
regions such that a highly damaged region would reveal
a highly distorted diffraction pattern. The first region of
analysis at Point 1 that is located immediately beneath the
machined surface in both TEM samples show highly irregu-
lar lattice sites, which is associated with the highly damaged
subsurface regions. Points 2 and 3 located further beneath

Fig.9 Transmission electron microscopy (TEM) of CaF, machined subsurface without coating: (a) cross-sectional TEM (XTEM) overview of
subsurface damage, (b) high resolution TEM (HRTEM) images of different regions and (c) the respective fast Fourier transform (FFT) analyses

§ A

Fig. 10 Transmission electron microscopy (TEM) of CaF, machined
subsurface with solidified coating: (a) cross-sectional TEM (XTEM)
overview of subsurface damage, (b) high resolution TEM (HRTEM)

images of different regions and (c) the respective fast Fourier trans-
form (FFT) analyses

@ Springer KEF]E



1026 International Journal of Precision Engineering and Manufacturing-Green Technology (2020) 7:1019-1029

the machined surface show the gradual restoration of the
material crystallinity, which are determined as the transi-
tion zone where the degree of lattice deformation decreases
gradually from the machined surface into the bulk material.
The HR-TEM images at Points 2 and 3 of the sample pre-
pared with the solidified coating in Fig. 10b show the slip
deformation of atoms along the (100) [01 I] slip system (indi-
cated by the dotted arrow lines), which is the closest slip
system angled at 54.7° from the (111) top surface (indicated
by the solid arrow line) [28].The FFT images in Fig. 10b
confirm that the slip deformation is highly probable with the
preservation of the material crystallinity. Contrarily, only a
small hint of slip deformation can be observed in the HR-
TEM image of the Point 3 of the sample prepared without
the solidified coating in Fig. 9b. The FFT images in Fig. 9c
further affirm the poor crystallinity of the areas of analysis,
which could be attributed to a larger degree of rotational
deformation in comparison to slip deformation. Wang et al.
[26] also reported the occurrence of lattice rotation in the
machined subsurface layer in microcutting of CaF, along
the (111) [011] direction. The evidence of slip deformation
occurring under the influence of the solidified coating poten-
tially leads to shallower SSD layers [29].

Figure 11 shows the cutting forces measured for the 300-
nm microgroove prepared along the (11 1)[011] direction
for TEM analysis. The initial dominance of thrust forces to
cutting forces at the start of the groove is a result of tool-
edge-radius size effects [30] occurring as the tool gradually
enters the work material and should not be considered in this
analysis. The angles of the resultant forces with and without
the influence of the solidified coating show negligible dif-
ferences, averaging at approximately 48° to the normal of

Fc ........ h
1001 111)[011 ---- Thrust| -0.12
c_, Z > (1ot —— Cutting
904 \i[0-10
bt 1
018 353° iir008
70 _
_ 0.06 Z
= 604 3
L0.04 S
501 =
40 L0.02
30 L0.00
201 ; : . . -0.02

= i
7.5 8.0 8.5 9.0 9.5 10.0 10.5
Time (s)

Fig. 11 Measured forces during microcutting of a 300-nm groove
along (111)[011] in CaF, from a region with no coating to a region
with coating and the respective angles of the resultant force into the
workpiece
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the machined surface. This indicates that the angles of the
resultant force acting into the work material in relation to
the (111) cleavage and (100) slip planes of CaF,, are similar
for both surface conditions. Mizumoto et al. [25] described
the subsurface distortion of the lattice arrangement as a
result of shear deformation and rotation deformation fol-
lowed by elastic recovery to form the finished surface. The
12.7¢ difference between the resultant force direction and
the (100) [OT i] slip system as shown in Fig. 11 results in both
rotation and slip deformation of the immediate subsurface
lattices for both cases as observed from the SSD analyses in
Figs. 9a and 10a.

However, it is evident that the resultant force angle is
in a far more stable state under the influence of the coat-
ing than the angles observed without. This highly unsta-
ble change in resultant force directions potentially changes
the deformation and slip processes in the subsurface lattice
regions, which explains the observation of the highly disor-
dered subsurface shown in the HR-TEM and FFT images of
Fig. 9b and c. It appears that the resistance to deformation of
the solidified coating controls the direction of the resultant
machining forces by inducing reactive compressive stresses
into the work material to enable a stable slip deformation
process of the subsurface regions and reduces the degree of
subsurface lattice rotation.

In addition, cutting chips can be observed as shown in
Fig. 12a, which is likely to compose of the ink-coating given
the size and thickness of the chip relative to the actual cut-
ting depth of 300 nm into CaF,. It is important to note that
the observation of CaF, chips in this process is extremely
difficult due to the thickness differences between the coat-
ing and the uncut chip thickness, as well as the colorless
nature of CaF, in comparison to the black coating. However,
the formation of a chip displaying minor serrations similar
to those observed in metal cutting suggests that the solidi-
fied coating adhered to the work material surface during
the material removal process and effectively provided the
compressive stresses on the work material due to its resist-
ance to deformation.

During the conventional CaF, chip formation process,
shear strain of different magnitudes occurs on multiple
activated slip systems in the primary deformation zone
within the chip [26]. This potentially causes the formation
of an irregularly shaped chip that influences the forces
on the tool-chip interface, which consequently affects the
resultant force inclination angle ({) shown in Fig. 11. On
the contrary, the adhered coating and the cutting tool will
sandwich the CaF, chip as described in Fig. 12b to con-
trol the shearing action and enable a stable chip formation
process. The relatively consistent inclination angle of the
resultant force (F) in Fig. 11 indicates a stable resolved
shear angle in the primary deformation zone. As such, the
chip formation process under the influence of the solidified
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Fig. 12 a Chip morphology of the solidified coating and (b) a sche-
matic of the compressive stresses acting on the work material and
chip formation during orthogonal cutting

coating will inevitably undergo a well-controlled process.
Uezakk et al. [31] also observed similar smoothening of
the chip formation process through molecular dynamics
simulation of a hydrostatic pressure induced by a jig ahead
of the cutting tool.

Therefore, the working mechanism in this paper differs
from the understanding of previous works under an ambient
hydrostatic pressure that focused on the suppression of crack
propagation on the machined surfaces. Instead, the compres-
sive stresses here are locally induced ahead of the cutting
tool to enable a steady cutting process. The compressive
stress should intuitively occur during cutting in a pressur-
ized chamber by simply substituting the solidified coating
with the pressurized fluids, such that the fluid will induce an
external compressive pressure onto the work material and
the produced chip.

4 Conclusions

Following the successful improvements in machinabil-
ity under high hydrostatic pressure, a similar effect can be
observed by machining brittle materials coated with solidi-
fied coating. (111) oriented single crystal calcium fluoride
was tested by microindentation and orthogonal microcutting
experiments to arrive at the following conclusions:

1. Application of solidified coating (minimally ~2.6 um
thick for DYKEM permanent marker ink) on the pre-
machined workpiece surface significantly increases
the critical uncut chip thickness along different cutting
directions of the (111) CaF, single crystal;

2. Microcutting with the solidified coating has no impact
on the anisotropic properties;

3. Potential chemical influences on the workpiece sur-
faces are also deemed insignificant in comparison to the
mechanical influence by the solidified layer;

4. A significant reduction in subsurface lattice misalign-
ment is observed by ~45% in orthogonal microcutting
of CaF, with the solidified coating; and

5. The reduced subsurface damage is a result of the rela-
tively constant resultant machining force direction acting
into the work material, which enables a stable subsur-
face slip deformation process under the influence of the
solidified coating.

The implementation of this developed technique can
potentially reduce the need for coolant to achieve higher
material removal rates in micromachining and thus reduce
the pollution of microfluids released into the machining
environment [2], satisfying the several considerations for
green manufacturing as described by Dornfeld [32]. Moreo-
ver, reduced subsurface damages would significantly shorten
the time required on the post-processing of optical compo-
nents [33]. For instance, one can no longer rely on the sec-
ondary polishing process using large quantities of abrasive
slurries that are rarely recycled to incrementally remove the
damaged layer to produce high quality optical products.
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