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Abstract Optical materials, such as calcium fluoride single crystals, are widely used
across various industries for their light transmission capabilities. These materials pos-
sess excellent mechanical, physical, and chemical resistant properties but also tend
to be very brittle, which poses a challenge to the microcutting of complex freeform
shapes with optical surface quality. Ultraprecision single-point diamond turning is
commonly used in ductile-regime machining of hard and brittle materials, and pol-
ishing is employed as a secondary process to achieve optical quality surfaces, which
can be time consuming. To improve the machining efficiency of high-strength mate-
rials, hot machining techniques have been developed to improve workpiece plasticity
and surface integrity after machining. Surface quality and subsurface damage eval-
uation of the machined material along with finite element analysis allow a deeper
understanding of the effectiveness in heat-assisted machining. In this chapter, an
introduction to ultraprecision single-point diamond turning and the fundamentals of
ductile-regime machining of hard and brittle materials will be discussed, followed by
its application in fabrication of calcium fluoride single crystal lenses. Subsequently,
the anisotropic characteristics of calcium fluoride single crystal will be investigated
through experimentally validated crack formation models and surface generation
morphology to gain detailed appreciation of the challenges faced during production
of brittle single-crystal materials. To conclude the chapter, the effects of elevated
temperatures on the material properties and machinability will be evaluated using
experimental and numerical solutions.

1 Optics Fabrication Methods

Different types of materials are employed for various applications depending on the
desired material properties such as electrical conductivity, wear resistance, heat con-
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ductivity, thermal expansion, light transmissivity, etc. In modern-day industries, there
is an increasing demand for precision and accuracy for product development. Excel-
lent surface finish is required for the lenses made of magnesium fluoride (MgF,) and
high-purity fused silica (SiO,) in the optics industry for efficient light transmission.
Lens materials used for lithography often have stringent requirements of refractive
index homogeneity and low residual stress-induced birefringence. Calcium fluoride
(CaF,) single crystal is the most economical choice for lithography lens applications
with high transmission or low absorption properties less than 0.002 cm~! [1, 2]. CaF,
is also used for infrared and visible wavelength applications such as astronomical
instrumentation due to its high transmission from 120 nm to 20 wm [3, 4]. However,
the crystal is considered to have a poor machinability due to its brittle nature that can
result in structural defects during processing.

The manufacturing of high-quality CaF, encompasses a few stages of processes
such as raw material purification, crystal growth through the Czochralski or Bridg-
man—Stockbarger methods, post-growth annealing, and surface improvement [5-7].
Each stage plays a crucial role in achieving the desired optical properties of the end
product. The latter process seeks to reduce surface roughness and remove subsurface
damage (SSD) through conventional low-material-removal-rate methods of grinding,
lapping, and polishing [8, 9]. However, these machining techniques pose a challenge
to fabricate complex-shaped lenses such as an aspherical lens, which has led to the
investigation of employing ultraprecision single-point diamond turning (SPDT) as
an alternative to achieve complex geometries [10]. Over the last few decades, SPDT
has been explored and applied toward the precision machining of brittle materials
such as glass, germanium, and silicon [11-13]. These brittle materials commonly
fail by fracture with little plastic deformation but can still be deformed plastically on
the condition that the stress intensity factor at the machining interface is below the
material fracture toughness. This is often determined by the machining parameter
“critical depth of cut”, generally associated in the nanometric range of 10-100 nm.
Therefore, given no other specially developed technique being employed, the cen-
tral task in performing ductile-regime cutting of brittle materials like CaF, has been
concluded as the determination of the critical depth of cut for a specific work material.

2 Machinability of Calcium Fluoride

2.1 Slip Model

Like most single crystals, the mechanical properties of CaF; ionic crystal are defined
by the formation of cracks through dislocation interactions and anisotropic crystal-
lography behavior [14]. This phenomenon can be explained by the well-known slip
line theory that is easily observed in anisotropic materials. Plastic deformation along
the slip direction and the cleavage fracture on the cleavage plane are the two fun-
damental modes of material deformation [11, 15-17]. Mechanical properties such
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as hardness and fracture toughness can therefore be determined through the study
of slip systems to understand the ductile-mode machining of CaF,. The CaF, single
crystal is reported to cleave on the {111} and partially {110} planes, with {100}
<110> primary slip systems and secondary slip systems at {110} <1-10> [14, 17,
18]. Hardness tests by nanoindentation, Vickers or Knoop microhardness tests are
commonly used to assess these mechanical properties. The plastic deformability that
is a ratio between Young’s modulus and hardness value (E/H) can be studied using
the Vickers nanoindentation experimental method over varying loads ranging from
20 to 100 mN. The E/H values of the (100), (110), and (111) planes were calculated
to be 70.5, 57.9, and 69.0, respectively, attributing the differences to the indentation
orientation with respect to the slip planes [19]. Different crystallographic plane ori-
entations are expected to produce different measures of deformability. According to
the slip model, higher plastic deformability should be observed when the applied
force direction is parallel to the slip plane.

In micro-Vickers hardness testing, cracks can be observed at the peripherals of the
indentations. Testing on the (110) plane has the highest propensity for crack initiation
at relatively low loads, which can be explained using the slip model shown in Fig. 2.
In this case, the cleavage plane is parallel to the indentation load, and the resultant
forces induced by the pyramidal-shaped indenter causes cleavage fracture to occur
prior to shearing along the slip planes. Higher loads of 1.0 and 5.0 N were required
for crack initiation on the (111) and (100) plane orientations, respectively [20]. The
higher plasticity observed when performing indentations on the (100) plane is due
to the loading direction being parallel to the slip plane.

Although single crystals commonly exhibit superior mechanical and optical prop-
erties, the existence of slip systems in a single crystal results in the anisotropic effect
that is a difficult issue to resolve in machining, i.e., directional-dependent material
properties. A common observation for anisotropy during machining is the different
symmetrical properties when machining on different plane orientations. Multiple
works on the (100), (110), and (111) plane orientations have exhibited fourfold,
twofold, and threefold symmetries on the machined surface [17, 21-23]. Figure 1
displays a typical outcome of the threefold symmetry on the (111) plane orientation
after face machining of CaF,. Each form of symmetry can be observed through a
systematic study of the machined surface quality through face machining on each
plane orientation and the critical undeformed chip thickness through progressive
grooving along different directions of the crystal. These studies on brittle mate-
rials are often coupled with force measurements and crack morphology analysis.
The detailed experimental design is out of the scope of this chapter and will not be
discussed here.

Similarly, indentation tests with the indenter positioned along different crystallo-
graphic directions offer another type of anisotropic analysis. The fracture toughness,
K, along different crystallographic directions of a single crystal CaF, sample can
be determined using the nanoindentation and microhardness indentation techniques
[22]. In these tests, the pyramidal-shaped indenter is oriented along different direc-
tions and the crack length, c, is measured for calculation as shown in Fig. 3. The K.
value can be calculated by Eq. 1 [21, 23]:
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Fig. 1 Surface morphology of a (111) CaF, sample exhibiting the threefold symmetry [22]
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(reprinted with permission from Springer © 2017)
(b)

Indenter

(110)

Slip Plane

Cleavage Plane

ey

Fig. 2 Schematic overview of crack initiation mechanism: a (100); b (110); ¢ (111) [24]
1

2
K. = (0.016 £ 0.002) <—> -
H Cc2
where E and H are Young’s modulus and hardness measured from nanoindentation
experiments, P is the applied load in the microhardness test.
The K. values were reported to range between 0.325 and 0.675 MPa m'? at
room temperature and were in direct correlation with the relative changes in critical
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Fig. 3 a schematic of crystallographic directions; b SEM image of microhardness indentation and
crack formation [22] (reprinted by permission from Springer © 2016)

undeformed chip thickness [22]. It must be noted that different materials exhibit
different types of cracking sequence and behaviors [25]. Therefore, this should not be
used as a universal method for fracture toughness measurements of brittle materials.

2.2 Critical Undeformed Chip Thickness

Optical grade surfaces defined by the fracture-free machined surfaces or mirror-
like surfaces have been made possible to machine with technological advances in
improving the stiffness and precision controls of conventional machine centers. With
the development of ultraprecision machining (UPM) technology, the ductile-regime
machining has been realized for hard and brittle materials by accurate control of the
cutting process parameters such as the undeformed chip thickness, feed rate, and
cutting speed. Of all the tunable process parameters, the undeformed chip thickness
is the leading factor that allows ductile-mode machining. Transition to brittle failure
occurs when the energy required for plastic deformation exceeds that required for
crack initiation [26]. The critical undeformed chip thickness values for machining
on different plane orientations of CaF, at room temperature are reflected in Table 1.
A range is provided due to the resolved stresses acting along particular crystallo-
graphic directions that promote cleavage fractures instead of slipping. In progressive
grooving of CaF, along different directions on a defined plane, different types of
crack morphologies can be observed. Till date, there has not been any report on the
influence of thermal effects on the crack morphologies.

There are a few methods to experimentally determine the undeformed chip thick-
ness values of brittle materials in dynamic machining processes such as plunge
cuts. Progressive grooving along the different crystallographic orientations using a
diamond cutting tool on the UPM has been the most commonly practiced method
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Table 1 Critical undeformed chip thickness of CaF; single crystals of different plane orientations
[17]

Plane | Lower limit of undeformed | Upper limit of undeformed | Symmetry characteristic
chip thickness (nm) chip thickness (nm)

(100) | 140 280 fourfold

(110) | 80 300 twofold

(111) 70 380 threefold

o

Microfractures Workpiece

Fig. 4 Schematic of a progressive microgroove [27] (reprinted with permission from Elsevier ©
2009)

for quick assessment. The concept of progressive scratching enables a systematic
approach to determine the undeformed chip thickness and visually reveals the types
of surfaces generated and crack morphologies corresponding to the slip systems
of the single crystal. In Fig. 4, two features are commonly observed in a progres-
sive scratch—the ductile region and the brittle region. The ductile-brittle transition
depends on the gradient of the scratch. Based on basic geometry, the high gradient
will show an immediate change from ductile to brittle and a gradual tilt will show
the progressive change in surface generation. Therefore, proper machine tool preci-
sion control and selection of grooving parameters should be considered to study the
ductile-brittle transition zone.

When considering the influence of the slip theory in ductile-mode machining,
cutting speeds are important machining parameters to control to accommodate the
speed of dislocation movement in the crystal at room temperature and elevated tem-
peratures. However, cutting speeds are often the limitations of orthogonal grooving
experiments due to the mechanical feasibility and do not provide the most accurate
representation of the material removal process in an actual cutting process. Excellent
machined surface finish on the (111) CaF, single crystals with an arithmetic mean
height of 1.832 nm can be achieved at maximum cutting speeds of over 35 m/min
[21]. However, these speeds are much higher than the allowable one-directional
movement speed of 400 mm/min for an average UPM. Alternate UPM setups can be
specially constructed such as high-speed shapers that use reciprocating speeds of up
to 5.4 Hz and are capable of achieving cutting speeds of 130 m/min [28]. In other
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Fig. 5 Fly cutting approach [29] reprinted with permission from Elsevier © 2017. a Cross-sectional
schematic of fly cutting scratch on silicon; b geometry of scratch made by fly cutting

cases, the fly cutting approach may also be used at realistic cutting speeds to produce
similar results to determine the undeformed chip thickness by considering both ends
of the groove as shown in Fig. 5.

While indentation tests are commonly used to determine mechanical properties
of a material using the slip theory for single crystals, the depth of the indentation
is another important result to exploit in determining the critical undeformed chip
thickness. Shear stress models resolved along the slip or cleavage planes are com-
monly used on single crystals when considering the material properties and cutting
conditions to describe ductile-regime machining [5, 8, 10].
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The first model developed to determine the maximum allowable load, P, during
indentation prior to crack initiation using the material fracture toughness, K., and
hardness values, H, is as follows [16]:

K4
P = Q(H—g) @)

where €2 is a normalizing factor that is a function of the ratio of Young’s modulus
and hardness, E/H. Blake and Scattergood [30] went on to predict the critical depth
of indentation prior to crack indentation as follows:

_ (EN(K.\ ;
’C““(E)(ﬁ) (3)

where s is the indenter geometrical constant.

2.3 Surface Analysis

There are several commonly used methods to analyze the surface morphology such as
white light interferometry (WLI), atomic force microscopy (AFM), scanning electron
microscopy (SEM), and Nomarski microscopy. Wang et al. [21] studied the critical
undeformed chip thickness along different crystallographic orientations using the
contactless WLI measurement as shown in Fig. 6. Surface profiles can be effectively
observed along different sections of the groove to determine the roughness and the
presence of surface defects through the distortion of the reflected profile.

AFM also offers another highly effective technique for arithmetic mean roughness
(Ra) measurement but is normally inferior in terms of measurement area. Yan et al.
[10] analyzed the crack-free (111) machined surface of CaF, using the AFM to
observe the feed marks and final surface roughness in Fig. 7. They also used the
Nomarski microscope to study the critical undeformed chip thickness by reducing
the feed rate during end face turning of the sample. Brittle fracture regions can be
easily observed at the higher feed rates attributing to the higher undeformed chip
thickness values in Fig. 8.

Crack-free surface generation is an important factor in machining optical lenses,
but the optimal undeformed chip thickness parameter selected for machining has to
be translated to reduced subsurface damage (SSD). The chemical etching method
is effective in showing the subsurface dislocation distributions. In fact, a surface
prepared by diamond turning reveals more evenly distributed dislocations as com-
pared to a surface produced by polishing. Figure 9 shows the WLI images of etched
surfaces that were prepared by different conventional machining methods.

Transmission electron microscopy (TEM) is an excellent equipment for a visual
understanding and analysis of subsurface damage induced after machining processes.
Lattice rotations, nanocrystal formations, and dislocation activities as a result of the



Thermally Assisted Microcutting of Calcium ... 85

Z Range: 2000

Depth of cut
pm

-0.8

0.0 02 04 0.6 0.8 1.0 1.2 14 16 .;:‘,,}c, 080
mm
Plunge microcutting direction

Fig. 6 WLIimage of the groove profile made on CaF; [21] (recreated with permission from Elsevier
© 2016)

Fig. 7 AFM image of feed lines on the CaF, surface with Ra 3.3 nm after machining [31] (recreated
with permission from AIP Publishing © 2004)

stresses induced by the machining process can be observed using the high-resolution
TEM (HR-TEM) [32]. For effective analysis of the strained lattice structure, TEM
samples have to be prepared using a focused ion beam (FIB) system at a crack-free
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Feed direction

Fig. 8 Normarski micrograph of CaF, (111) machined surface at varying feed rates [31] (recreated
with permission from AIP Publishing © 2004)
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Fig. 9 Recreated with permission from Elsevier © 2016 a concentrated etch pits on optical polished
surface; b evenly distributed etch pits on diamond turned surface [32]

location on the machined surface as shown in Fig. 10. After which, different locations
of the material along the cross-section of the material can be selected to observe the
lattice strain and defects using the HR-TEM shown in Fig. 11.

2.4 Theoretical Modeling

Various types of theoretical modeling simulations can be used to study the duc-
tile—brittle transition mechanism depending on the scale of simulation. Most macro-
sized modeling can be done using the crystal plasticity finite element method
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Fig. 10 Schematic of progressive scratches along different directions and TEM sample extraction
locations [33] (recreated with permission from Elsevier © 2012)

Fig. 11 HR-TEM images of a machined CaF, from the surface (position 1) to the bulk material
(position 2). The blue arrow indicates the cutting direction of the groove [32] (recreated with
permission from SAGE Publications © 2016)

(CPFEM) and is highly effective when dealing with ductile materials with higher
strain rates. Under certain conditions, CPFEM may also be used to study microscale
simulations of brittle materials using commercial finite element method (FEM) soft-
ware ABAQUS/Standard equipped with the UMAT subroutine. Rigid analytical sur-
faces of the cutting tool are essential to be used in this type of study to reduce com-
putational costs and neglect the influence of tool wear. Crystal plasticity Eqs. 4-7
characterized the crystallographic slip systems governed by Schmid’s law. The slip
rate y@ of slip system («) can first be calculated using the critical resolved shear
stress (‘L'(C"‘)), rate sensitive factor (/m), and strain hardening factor (h,4) to determine
the plastic shear rate (F”) as follows:

p@ = 3@ /7@ sgn (@) 4)
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where s and n are the slip direction and normal to the slip plane, respectively.

This particular method was used to study microcrack formation on the machined
surface by calculating the lattice rotation and tensile stresses of selected nodes. By
applying the slip model as explained in Sect. 2.1, tensile stresses exceeding a critical
value on cleavage plane prior to slip initiation would result in brittle fracture. CPFEM
offers effective analysis of stress concentrations of the various deformation zones
evolved during a machining process.

CPFEM is also capable of simulating the asymmetric ductile-brittle transition
phenomenon seen in orthogonal cutting of CaF, by observing the tensile stresses
acting on the tertiary deformation zone. This is done by observing the differences
in stress concentrations on both sides of the thin slab that would provide a hint of
the nature of the surface generated [21]. This method is preferable as compared to
the conventional cubic deformable body method. Cumulative shear strain analysis of
each node explains the involvement of slip systems and dislocation activity during
an orthogonal cutting process. In general, a higher number of activated slip systems
allows ductile material flow that can be observed at the primary plastic deformation
zone.

However, CPFEM has its setbacks when modeling the plasticity of brittle materials
during UPM due to the microscale time steps in computation. Molecular dynamics
(MD) simulations tend to perform more effectively to study atomistic movement and
reactions when using various potentials for calculations. Xiao et al. [34] describe in
detail the various types of potentials applied and their limitations toward the study
of the ductile-brittle phenomenon. It was explained that the Tersoff potential is not
suitable in the modeling of brittle materials due to it being a short-ranged bond order
potential that often predicts ductile failure rather than to accurately present brittle
fracture. On the other hand, the Stillinger—Weber potential and modifications are
capable of predicting the brittle failure accurately.

MD simulations offer analysis of the point of crack initiation, direction of crack
propagation, and stress distribution around the machining interface. When modeling
the orthogonal cutting of 6H SiC, Xiao et al. [34] observed the crack initiation and
directionality at sufficiently high undeformed chip thickness settings and discovered
that crack formation ahead of the cutting tool is the main cause of crater formation
on machined surfaces. This spectacle can be seen in Fig. 12 where the nature of
crack initiation and the direction of the crack propagation are dependent on the
crystallographic orientations of the machined workpiece.
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Fig. 12 MD simulation of orthogonal cutting of 6H SiC at varying undeformed chip thickness
parameters [34] (recreated with permission from Elsevier © 2015)

3 Analysis of Thermal Assistance

3.1 Thermal Effects on Material Properties

In Sect. 2.1, slip model, it was explained that indentation tests were capable of
verifying the mechanical properties and relating the influence of the slip and cleavage
planes to crack initiation. Generally, hardness and modulus values tend to decrease
with increase in temperature for both ductile and brittle materials [33, 34]. Similarly,
experimental work of indentations at the elevated temperatures provides insights
into the influence of the additional heat on the crack initiation mechanisms. Vickers
microhardness tests conducted at elevated temperatures show decreased material
hardness and an increase in indentation depths prior to crack initiation.

Deadmore and Sliney [35] applied a 0.5 N load at a constant indentation rate and
dwell time to CaF, and BaF, single crystals over a range of temperatures from 25
to 670 °C. They observed a 40% decrease in hardness at 100 °C and the absence of
indentation crack formation at temperatures above 85 °C. Another study on thermally
assisted microhardness indentation studies on CaF, single crystals of different plane
orientations (100), (110), and (111) with a load of 0.5 N showed a conversion of
hardness values at 100 °C in Fig. 13. Thermally assisted indentation shows the
potential in reducing the anisotropic effects that can be highly beneficial in an evenly
distributed residual stresses and subsurface damage on the machined surface.

The material hardness dropped remarkably by approximately 50% at 100 °C in
this test. Differences in results by different authors could be attributed to the different
indentation orientations that have an effect on the resolved stresses relative to the slip
and cleavage planes as discussed in Sect. 2.1. As expected, elevated temperatures
promote slip activation prior to cleavage fracture and increase the indentation depth
required for crack formation. Figure 14 shows the improvement in crack initiation
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Fig. 13 Decrease in hardness of CaF» single crystals with increase in temperature [24]

resistance on the (110) plane-oriented CaF, sample that has the highest tendency for
brittle failure by cleaving shown by Azami et al. [20]. Additionally, based on Eq. 1,
it can be understood that a trend of increasing fracture toughness is a resultant cause
of the rise in material temperature and therefore enables the material to undergo
enhanced plastic deformation at higher yield stresses.

3.2 Heat-Assisted Machining Simulations

More than one slip system can be activated at higher temperatures when conducting
compression tests along different crystallographic directions of CaF, single crystals
[36]. Conventional theories on the motion of dislocations are necessary to understand
the influence of slip systems and plastic deformation. The motion of a dislocation
occurs through the shifts of the adjacent atoms but encounters obstacles like the
short-ranged Peirels—Nabarro energy barrier. However, the energy required for the
displacement of atoms can be easily overcome with a thermally assisted applied force
and promotes plastic deformation [37]. Therefore, the energy for slip to occur would
be reduced to precede the occurrence of brittle fracture. In compression tests at room
temperature, the { 100} plane of CaF; is the only slip plane [36]. Subsequently when
heated to temperatures between 90 and 400 °C, the {111} slip plane was activated
and a third {110} slip plane was activated at temperatures above 400 °C [36].
Theoretical simulations for orthogonal microcutting can be developed for estab-
lishment of the theoretical foundation for the material removal process at room and
elevated temperatures associated with the experimentally proven number of slip
planes that were thermally activated. Wang et al. [32] developed a CPFEM model
to theoretically describe the effect of the activated slip systems during orthogonal
cutting. In their work, three different models were created to simulate the cutting of
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Fig. 14 SEM images of microhardness indentations on the (100), (110), and (111) plane orienta-
tions of CaF, single crystals over a range of temperatures [24]

CaF, single crystals at the room temperature, 200 °C, and 400 °C. The cumulative
shear strain plots of each model simulated for the different number of activated sys-
tems in Fig. 15 show the increase in plasticity due to the dislocation activities ahead
of the cutting tool. Defects in the material act as nuclei for cleavage fracture, and a
larger stress field at the cutting edge could allow a larger density of defects to initiate
cleavage fracture [15]. Under room temperature conditions, the size effect is com-
monly controlled by the undeformed chip thickness where a small undeformed chip
thickness would result in a smaller critical stress field. At elevated temperatures, the
critical stress field size is simulated to decrease, thus reducing the interaction with
subsurface defects.

CPFEM is also capable of verifying the trend observed in the experimental results
from Sect. 3.1, where a reduction in anisotropic characteristics is realized for ele-
vated temperatures. Two sides of the model can be shown to review the influence of
the material anisotropy that would result in the asymmetric deformation. The asym-
metric ductile—brittle transition (aDBT) is an important aspect of the ductile-brittle
transition study in view of the lateral forces induced during different types of crack
formations. An asymmetric orthogonal groove results in unbalanced lateral force
fluctuations with a feature of lamellar cracks on one side of the groove as shown
in Fig. 16 [21]. Balanced forces can be observed with more symmetrical types of
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Fig. 15 CPFEM simulations of cumulative shear strain on all slip systems during ductile-regime
cutting for one, two, and three activated systems at 25, 200, and 400 °C, respectively [32] (recreated
with permission from SAGE Publications © 2016)
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grooving that feature different types of crack morphology due to the relative cutting
direction with respect to the cleavage plane.

The simulated result for one activated slip system in Fig. 15 shows the differences
in the cumulative shear strains on each side of the model attributed to the asymmetric
feature. At higher temperatures, the asymmetric feature loses prominence when more
slip systems are activated, and the anisotropic effect is severely reduced. Simulated
results of the 200 and 400 °C case with two and three activated slip systems show
similarities in the cumulative shear strain plots on both sides of the model, signifying
the transition to an isotropic material at higher temperatures.

As expected, the simulated lateral forces in Fig. 17a are further reduced and
rendered negligible at elevated temperatures where two and three sets of slip system
are active. Simulated cutting and thrust forces also show a reduction of approximately
50% in Fig. 17b when heated from room temperature with one activated slip system to
200 and 400 °C with more slip systems thermally activated. The thermally activated
slip systems allow the movement of dislocations and thus increasing the plasticity
of the material being removed.

Therefore, it can be understood from theoretical simulations that thermally
assisted machining has multiple benefits to enhance the machinability of the brit-
tle material. The benefits observed from experimental and theoretical results are as
summarized below:

e Linear reduction in hardness,
e Activation of secondary and tertiary slip systems,
e Reducing anisotropic properties of single crystals.



Thermally Assisted Microcutting of Calcium ... 93

ZRange: 3.407 pm

Y Range: 186 um
-2?.3

-
(]
-

- e -
-98.0 -5.07 879
X Range: 186 uym

Fig. 16 WLI image of asymmetric ductile-brittle transition along a groove [21] (recreated with
permission from SAGE Publications © 2016)

4 Thermally Assisted Machining Technology

4.1 Current State of Technology

Many strategies have been investigated to improve the machinability of difficult-to-
machine materials. Thermally assisted machining is one of the advancing methods
used in the aerospace and automotive industry for difficult-to-machine superalloy
materials. Although there are many types of heating methods, the induction heating,
laser heating, and plasma arc heating are the most promising methods to be adopted
in conventional machining. Each method generally aims to reduce the cutting forces
during machining and improve the material removal rate efficiencies while prolong-
ing cutting tool life. The detailed comparison between each method is described in
Table 2. The effectiveness of thermally assisted machining depends on the conven-
tional cutting parameters such as cutting speed and heating parameters such as the
distance between the localized heating zone and the tool cutting edge and the amount
of supplied heat energy. The common benefits of the thermally assisted machining
techniques are summarized below [38—44]:

e Improved surface finish,
e Improved cutting tool life,
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Fig. 17 Simulation forces during orthogonal cutting of one, two, and three activated slip system
sets: a lateral force; b cutting and thrust forces [32] (recreated with permission from SAGE Publi-
cations © 2016)

Increased material removal rates,

Reduced machining forces,

Reduced residual stresses,

Reduced chattering and machining vibrations.
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Table 2 Thermally assisted machining methods [45-47]

Induction heating Laser heating Plasma heating
Heat source Electric current Laser Plasma arc
Source mobility Rigid Flexible Flexible
Temperature range | Low High High
Advantages  Easy to regulate « Stable and flexible * No metallurgical
* Stable temperatures heat distribution damage to workpiece

¢ Economical

Disadvantages * Heatinductionina | Costly * Inaccurate control of
line (delocalized) * Material-dependent localized heating
absorption rates temperature

4.2 Laser-Assisted Machining

Over the last few decades, much work has been done on thermally assisted machining
that has been dedicated to conventional macroscale machining processes such as
turning, grinding, and milling. But with the advancement in optical technology,
thermal assistance has thus shifted its focus toward laser-assisted machining (LAM).
LAM was first introduced by Bass et al. [48] in 1978, inspired by the adoption of
gas torch and induction heating for heat-assisted machining. A common heat-assisted
setup as illustrated in Fig. 18 involves installing a conventional setup with an external
heat source to produce alocalized heat spot to soften the mechanically hard workpiece
ahead of the cutting tool [39, 42]. Noncontact thermal sensing equipment, such as
an infrared camera, is often used to measure the degree of heating of the workpiece.
When the high-power laser heats the workpiece, the material yield strength and
hardness values decrease below the fracture strength, thus allowing the material to
be removed in the ductile-regime. LAM commonly employs the use of the CO, laser
and Nd:YAG laser, but the latter is a better candidate due to its higher absorption
rates of laser energy [49].

From conventional machining theories, a higher feed rate increases the volume
of material removed per revolution, which is proportional to the increase in cut-
ting forces. However, the opposite is observed when machining with LAM. Few
differences in the cutting forces at low feeds were reported when machining Ti-6Cr-
5Mo-5V-4Al titanium alloy with and without LAM, but a 12% reduction in cutting
forces with LAM was measured upon increasing the feed rate [44]. Therefore, it is
obvious that LAM allows more productive machining efficiencies in terms of material
removal rates and tool life when handling difficult-to-machine materials.

Much work on the adoption of LAM has been focused on improving the machin-
ability of difficult-to-machine materials in the macroscale. Micro-laser-assisted
machining (u-LAM) techniques are the latest advancement of heat addition meth-
ods by laser irradiation. Unlike conventional methodologies of heating a spot of the
workpiece a distance ahead of the cutting tool, ;-LAM process beams an IR diode
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\
Laser beam

Optical system Vacuum chuck

Insulator

Workpiece
Tool holder

Fig. 18 Laser-assisted machining turning schematic

laser (A = 1070 nm) through the diamond cutting tool to the tool-workpiece interface
as shown in Fig. 19 [50]. The thermal softening efficiency of this method during an
actual machining process can be observed through basic tribology tests. Shayan et al.
[51] equipped a universal micro-tribometer (UMT) with the u-LAM technique and
conducted scratch tests on 4H SiC with a diamond stylus under varying speeds but a
constant applied load. They reported a minor increase in groove depth by 5 nm when
testing at higher cutting speeds. However, at extremely low cutting speeds, the aver-
age groove depth increased significantly from 54 to 90 nm. The thermal softening
effect can therefore be concluded to be less prominent at higher cutting speeds when
using the u-LAM technique.

Optimization of the heating parameters is essential to achieve the desired surface
quality. Surprisingly, there exists a critical value of laser power for ductile-regime
machining, and an excess laser power applied could result in poorer surface finishing.
Mohammadi et al. [52] employed the ;-LAM on an SPDT process of silicon single
crystal and found an increase in Ra value by a factor of 1.6 when the laser power was
increased from 20 to 30 W. It was also added that the advantages of this technique were
the capability of conducting a thermally assisted machining process accompanied
with cutting fluids. This is one of the major advantages of the fast contactless heating
method as shown in Fig. 19. With the ©-LAM technique, they were able to conduct
ductile-mode machining at a higher undeformed chip thickness value to achieve a
mirror-like surface finishing on the silicon single crystal as shown in Fig. 20.
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l Laser Beam

Diamond

Cutting Fluid

—~Laser Softening

High Pressure Phase
Transformed Region

Fig. 19 Schematic of the i-LAM process with cutting fluids [52] (recreated with permission from
Elsevier © 2015)

(a) (b) (c)

Fig. 20 a As received; b conventional micromachining; ¢ with p-LAM technique [52] (recreated
with permission from Elsevier © 2015)

4.3 Alternate Heating Methods

While most thermally assisted machining methods use a localized heat source shown
by the schematic in Fig. 18, it is interesting to note that most static experimental tests
such as the heated nanoindentation test can be conducted with a globalized heat
source. The global heating method may be defined by applying heat to the sample
and to achieve an evenly heated sample in Fig. 21.

In some cases, heat is also applied to the machine tool to reduce abrupt fluctuations
in heat transfer. Korte et al. [53] developed a customized hot nanoindentation setup
that operates in vacuum to study the thermal stability and instrument noises caused by
the impurities of inert gases during high-temperature testing. Resistive heaters were
applied to both the indenter and the sample. A drastic temperature difference between
a room temperature indenter and heated sample may cause unwanted undesired
expansion and contraction at the interface, causing dimensional changes that disrupt
the experiment [53].



98 Y.J. Lee et al.

Heating element

Vacuum chuck

Insulator
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Fig. 21 Orthogonal cutting schematic with a localized heating and b global heating methods

4.4 Challenges in Hot Machining

Till date, there have not been any official publications on the use of the u-LAM
technique or any contactless heating method integrated into the machining process
of CaF,. Different types of heat sources are still being explored to improve the
machinability of CaF,. In general, several complications have arisen in the use of
thermally assisted machining. Experimentation and industrial use of hot machining
in ambient environments potentially promote the formation of an oxide layer on
the pre-machined or machined surface, which could substantially affect the material
removal mechanisms in the submicron range. Oxidation proof coatings on the sample
surface or experimentation in an inert environment help with the oxidation problem.
However, different materials oxidize at different temperatures and environments. For
example, it is recommended to coat copper with a thin layer of platinum to prevent
oxidation during nanoindentation tests in the lower range of elevated temperatures
(>200 °C) [54]. Oxygen is known to penetrate CaF, at elevated temperatures and
begin precipitation when cooled below 725 °C [55].

High-accuracy temperature control equipment is extremely important in this
aspect when taking material thermal expansion into consideration. This is partic-
ularly crucial when machining with submicron undeformed chip thickness values.
Asseen in Fig. 22, a slight deviation in temperature would cause a material expansion
or contraction at a magnitude similar to the desired undeformed chip thickness. A
basic temperature control setup would commonly include temperature controllers, a
heat source, and temperature measurement devices.
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Fig. 22 Thermal expansion 25 4
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In summary, thermally assisted machining has been proven to improve the machin-
ing process of difficult-to-machine and brittle materials in various ways. A detailed
description of a systematic experimental process had been discussed with the duc-
tile—brittle transition explained using the well-established slip theory. However, the
application of such technology on CaF; single crystals has only been limited to the
preliminary studies using indentation tests at elevated temperatures. The challenges
in achieving thermally assisted ductile-mode machining of CaF, have been briefly
explained to serve as a foundation for considerations in the future works of this field.
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