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Fundamentals of Nanometric Cutting )
of Nanotwinned Copper L

Junjie Zhang, Yongda Yan and Tao Sun

Abstract Nanotwinned (NT) Cu containing a high density of growth twin
boundaries (TBs) is one emerging precious metal for its extraordinary properties
of high strength, intermediate ductility, and high electric conductivity. In the present
work, we elucidate the deformation mechanisms of nanotwinned Cu subjected to the
diamond cutting-based nanometric cutting by means of molecular dynamics sim-
ulations, with an emphasis on examining the influence of intrinsic microstructural
parameters and extrinsic machining parameter on the nanometric cutting processes.
The underlying deformation mechanisms of the materials are further correlated with
the evolution of machining forces and the formation of machined surface and chips.
Our simulation results indicate that dislocation slip, dislocation—TBs interactions,
and TBs-associated mechanisms work in parallel in the plastic deformation of the
NT Cu. In particular, dislocation—TB interactions and TBs-associated mechanisms
are strongly dependent on rake angle of cutting tool, TB inclination angle, TB spac-
ing, and grain size, which leads to strong anisotropic cutting response of NT Cu that
originates from the heterogeneous localized deformation.

1 Introduction

An interface is a common boundary separating two different phases and/or crystals
of different chemical compositions and/or crystallographic misorientations. Inter-
faces have a strong impact on the chemical, physical, and mechanical properties of
materials particularly with high surface-to-volume ratio, due to the chemical and/or
crystallographic discontinuity. Furthermore, the impact of GBs is heavily influenced
by the structural type of GBs. For instance, while nanocrystalline metals with aver-
age grain sizes down into the nanometer regime are strong but brittle due to severely
confined space for dislocation motion, the introduction of aligned coherent twin
boundaries (TBs) leads to a superior combination of ultra-high strength and interme-
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diate ductility in NT metals. The high strength of NT metals is a result of TBs acting
as effective obstacles to dislocation motion, while the eminent ductility is owing to
the enhanced dislocation nucleation sites provided by TBs [1, 2]. The NT metals thus
have become emerging precious metals for the fabrication of advanced functional
nanostructures for its extraordinary mechanical properties.

The diamond cutting-based nanometric cutting is one prominent technique for the
fabrication of ultra-smooth surface as well as precise surface micro-/nanostructures
for its nanometer-scale machining accuracy and shape accuracy [3, 4]. To facilitate
the development of nanometric cutting technique, a fundamental understanding of the
nanometric cutting mechanisms at the nanometer scale is essentially required. Since
the tool edge radius is comparable with depth of cut in the diamond cutting process,
the properties of workpiece material play an important even dominant role in the
cutting process, which introduces great challenges in elucidating mechanisms of NT
metals for its complex deformation behavior. TB-associated mechanisms also play an
important role in the plastic deformation of NT metals, in addition to dislocation slip
that dominates intragrain plasticity. Specifically, dislocation—TB interactions in terms
of blocking, accommodation and transition, as well as TB migration and detwinning,
are common deformation modes of NT metals under external loads [5—10]. More
recently, Wang et al. presented direct evidence of interaction of dislocation with a
single nanotwin by performing in situ nanoindentation [11]. Although deformation
behaviors of NT metals under tension, torsion, compression, nanoindentation, and
friction have been reported in enormous literature, the dislocation—TB interactions,
particularly its role in determining the material removal and evolution of machining
force in nanometric cutting of NT metals, are largely unknown.

A typical cutting route on NT metals involves multiple grains, which are of differ-
ent crystallographic orientations as well as the inclination angles of aligned TBs with
respect to the surface. Specifically, the inclination angle is also of great importance in
understanding of the nanometric cutting mechanisms of NT Cu, as inclined internal
twin planes with varying Schmid’s factors possess distinguishable dislocation—TB
interactions. Stukowski et al. [ 12] reported that the inclination of dislocation to TBs is
strongly dependent on Schmid’s factors of individual grains. Brown et al. [13] showed
that the placement of TB orientation with respect to the loading axis greatly affects the
plasticity reversibility of NT Cu. Furthermore, Wei et al. demonstrated that the plastic
deformation of NT Cu nanowires can be governed purely by TB migration through
designing the inclination angle of TBs [14]. Jang et al. reported detwinning-governed
plasticity in NT nanopillars containing inclined TBs [15]. Zhang et al. demonstrated
that the anisotropic frictional response of NT Cu originates from the heterogeneous
localized deformation, which is strongly influenced by crystallographic orientation,
twin boundary orientation, and loading condition [16]. Therefore, it is intriguing
to explore the effect of inclination angle on the nanometric cutting of NT Cu. It
has been demonstrated that the TB-related impact on the mechanical properties of
NT metals is strongly dependent on the intrinsic sizes of internal microstructures.
Recent experimental tests and atomistic simulations have shown that the strength of
NT Cu has a strong dependence on TB spacing. Specifically, the strength of NT Cu
first increases with decreasing TB spacing in a Hall-Petch manner. However, after
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reaching the maximum strength at the critical TB spacing, strength softening occurs
when TBs further decrease [17]. In addition, it is found that the critical TB spacing
depends on grain size; i.e., the smaller the grain size, the smaller the critical twin
thickness [2]. Therefore, it is also intriguing to study the effect of TB spacing and
grain size on the nanometric cutting of NT metals.

In light of these findings reported in the literature, in the present work we perform
MD simulations to investigate the nanometric cutting of NT Cu using the diamond
cutting tool. The influence of rake angle, inclination angle of TBs, TB spacing, and
grain size on the nanometric cutting in terms of elastic and plastic deformation of
the material, variations of machining force, machined surface quality, and chip for-
mation is further studied. Without loss of physics, we first consider single NT Cu
samples in the absence of grain boundaries (GBs) but containing twin planes that are
parallel, inclined, and perpendicular to the free surface. To characterize the effect of
cutting tool geometry, we perform nanometric cutting simulations on the same NT
Cu sample containing 26° inclined TBs with respect to the free surface using dia-
mond cutting tool with three different rake angles, which shows that the rake angle
of 45° results in smaller energy dissipation and better machined surface quality than
the other two rake angles of 0° and —45°. Then with the optimized rake angle of
45°, we address the effect of inclination angle of TBs by performing cutting along
the same scratching direction but on different surfaces with varied inclination angles
of the TBs cutting the surfaces. We found an inclination angle of 0° for the best
machined surface quality. More practical polycrystalline NT Cu is then simulated,
in which the effects of twin spacing and grain size on the cutting processes are stud-
ied. The transition in deformation mechanisms, the evolution of cutting force, and
the cutting-induced microstructure change are closely investigated. Based on such
atomistic simulations, we demonstrate that cutting of NT Cu exhibits strong hetero-
geneous characteristic, originating from the strong competition between individual
deformation mechanisms. The chapter is organized as follows: In Sect. 2, we describe
details about the models of NT Cu samples, the nanoscratching procedure, and the
utilized defect analysis and visualization techniques. The results of nanometric cut-
ting of NT Cu with emphasis on the aspects of rake angle, inclination angle, TB
spacing, and grain size are then presented and discussed in Sect. 3. Finally, in Sect. 4
we summarize the results.

2 Simulation Method

The utilized MD model of nanometric cutting of NT Cu is composed of a NT Cu
substrate and a diamond cutting tool, as shown in Fig. 1. The common neighbor
analysis (CNA) [18] is utilized to identify types of lattice defects, and the coloring
scheme is as follows: Blue stands for face-centered cubic (FCC) atoms, red for
hexagonal close-packed (HCP) atoms, and gray for other atoms including surface
atoms and dislocation cores. A single HCP-coordinated layer identifies a coherent
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Clearance angle

Fig. 1 MD model of nanometric cutting of NT Cu. Atoms are colored according to their CNA
values

TB, and two adjacent HCP-coordinated layers indicate an intrinsic stacking fault
(ISF) [19].

The NT Cu substrate has a dimension of 30, 18, and 10 nm in horizontal, lon-
gitudinal, and normal directions, respectively. Periodic boundary condition is only
applied in Z direction, and the bottom of the substrate is fixed during the nanometric
cutting process. Figure 2 presents atomic configurations of single NT Cu substrate
that contains different inclined TBs with respect to the top free surface. In partic-
ular, five inclination angles, such as 0°, 26°, 45°, 64°, and 90°, respectively, are
considered. For each NT Cu, the TB spacing is the same as 3.75 nm. The substrate
containing inclined TBs is obtained by extracting the desired geometry from rotated
bulk material that contains parallel TBs. Twin-free single crystal substrates that have
the same crystal orientations with the five NT Cu substrates are also considered.

The fully three-dimensional polycrystalline NT Cu substrate is prepared by using
the Voronoi construction. To address the influence of TB spacing, five substrates
composed of nanoscale TBs with different TB spacing embedded in grains, from
0.63, 1.25, 1.67, and 2.92 to 3.75 nm, are considered, as shown in Fig. 3. The grain
structure for each NT Cu sample is the same, and each sample contains 12 grains
with an average grain size of 10 nm. In addition, for the TB spacing of 2.92 nm, four
grain sizes, such as 6, 8, 10, and 14 nm, respectively, are considered to investigate
the influence of grain size, as shown in Fig. 4.

The diamond cutting tool in diamond structure with a sharp edge has a relief angle
of 10°. To investigate the influence of rake angle on the cutting process, three rake
angles as —45° (referred to as negative), 0° (referred to as zero), and 45° (referred
to as positive) are considered, as shown in Fig. 5. Given the ultra-high hardness of
diamond as compared to copper and ultra-short cutting distance, the wear of diamond
tool during the cutting process is not considered. Therefore, the diamond cutting tool
is set as arigid body, i.e., the coordinates and velocities of all the atoms in the cutting
tool are updated every time step, in such a way the cutting tool moves as a single
entity without any deformation.
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Fig. 2 Atomic configurations of single NT Cu containing inclined TBs. Inclination angles—a 0°,
b 26°, ¢ 45°, d 64°, and e 90°. Atoms are colored according to their CNA values
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Fig. 3 Atomic configurations of polycrystalline NT Cu with different twin densities. TB spac-
ing—a 0.63 nm, b 1.25 nm, ¢ 1.67 nm, d 2.92 nm, and e 3.75 nm. Atoms are colored according to
their CNA values
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Fig. 4 Atomic configurations of polycrystalline NT Cu with different grain sizes. Grain size—a
6 nm, b 8 nm, ¢ 10 nm, and d 14 nm. Atoms are colored according to their CNA values

Fig. 5 Atomic configurations of diamond cutting tool with different rake angles. Rake angle—a
—45°,b 0°, and ¢ 45°

There are three types of atomic interactions in the simulated system, as Cu—Cu
in the Cu substrates, Cu—C between the Cu substrate and the diamond cutting tool,
and C—C in the diamond cutting tool, respectively. The C—C interactions are omitted
as the diamond cutting tool is treated as a rigid body without any deformation in the
cutting process. The embedded atom method (EAM) composed of interacting pair
potential and electron embedding energy has been widely used to describe metallic
systems, which can be expressed as:

1
Eo= 5 () + D Fi(p) (1)
ij i
pi = Z,Oi (rij) 2)
i

where r;; is the distance between atoms i and j, ¢;; is the pair potential between
atoms i and j, F; represents the embedding energy that is generated when an atom i is
embedded, p; is the electron density at i atom generated by all atoms except atom i,
and p; is a function of the electron density of atom j at atom i. The EAM parameters
for copper developed by Mishin et al. are utilized to describe the Cu—Cu interactions
[20]. The Morse potential is utilized to describe the Cu—C interaction, which can be
expressed as:
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Etot — Z Do[e—Za(r—ro) _ ze—a(r—ro)] (3)

i

where Dy (0.087 eV) is the cohesive energy, a (5.14) is the elastic modulus, and r
(2.05 A) represents the equilibrium distance between atoms i and j, respectively. The
cutoff radius of the Morse potential is chosen as 1.0 nm [21].

The as-created simulation system is first equilibrated to its equilibrium config-
uration at 30 K and under O bar in the NPT ensemble (constant number of atoms
N, constant pressure P, and constant temperature 7). The low temperature of 30 K
is chosen to minimize the thermal fluctuation influence. Then the equilibrated sub-
strate is subjected to the diamond cutting with a constant velocity of 100 m/s and
a depth of cut of 2 nm in the canonical ensemble (constant number of atoms N,
constant volume V, and constant temperature T'), until reaching a cutting distance of
20 nm. The utilized depth of cut in the ultra-precision machining experiment is a
few pm. We note that the simulated dimension of workpiece and depth of cut are
several orders of magnitude smaller than that utilized in ultra-precision diamond cut-
ting experiments, due to the limitation of length scale in atomistic simulations. We
also note that the employed cutting velocity of 100 m/s in current MD simulations
of nanometric cutting is several orders of magnitude higher than typical velocities
of tens of wm/s utilized in ultra-precision diamond cutting experiments, giving the
intrinsic requirement of the integration time step to be of the order of femtosecond
(fs). All the MD simulations are performed by using the LAMMPS code with an
integration time step of 1 fs [22]. And the OVITO is utilized to visualize MD data
and generate MD snapshots [23].

3 Results and Discussion

3.1 Nanometric Cutting Mechanisms of NT Cu

There are three force components acting on the diamond cutting tool, as the cutting
force along X direction, the normal force along Y direction, and the lateral force along
Z direction, respectively. Figure 6a, b plots variations of the cutting force and normal
force with cutting length during the cutting process of the NT and single crystal Cu
substrates with a rake angle of 0°, respectively. The NT Cu substrate contains 0°
inclined TBs with respect to the free surface, and the TB spacing is 3.75 nm. When
the cutting tool starts to contact with the left side of the NT Cu substrate, the material
first undergoes elastic deformation, accompanied with a rapid increase of the cutting
force. However, the normal force decreases precipitously after the initial increase,
which is caused by the accommodation of elastic strain by the TBs. After increasing
to a local maximum value, the scratching force decreases dramatically due to the
yielding of the material. However, the normal force continues to increase at the onset
of plasticity due to the positive value of the clearance angle. Upon further cutting,
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Fig. 6 Variations of machining force during nanometric cutting of twinned and single crystal Cu.
a Cutting force and b normal force

both the cutting force and normal force increase with strong fluctuations caused by
continuous yielding events. Figure 6 shows that the normal force is smaller than the
cutting force during the cutting process.

It is also found from Fig. 6 that in the initial elastic deformation regime, both the
cutting force and normal force are higher for the single crystal Cu than the twinned
Cu. Furthermore, both the local maximum values of the cutting force and normal
force associated with the yielding point are higher for the single crystal Cu than
the twinned Cu, indicating that the introduction of TBs lowers the yield strength of
the copper substrate in the cutting process. However, in the later period of plastic
deformation regime, the normal force for the NT Cu is higher than the single crystal
Cu due to the strengthening of the material by TBs.

Figure 7a—f presents instantaneous defect structures in the NT Cu at different
cutting lengths. Atoms are colored according to their CNA values. Since the cutting
tool first penetrates into the left side of the substrate, the plasticity is initiated by the
nucleation of partial dislocations from the left surface and their subsequent glide on
adjacent {111} slip planes in the NT Cu. Figure 7b shows that nucleated dislocation
mainly glides inclined to both aligned TBs and rake face of the cutting tool. Further-
more, dislocation activity is mainly confined in the formed chip volume, and there
is no dislocation observed beneath the machined surface. Upon further cutting, the
severely confined dislocations in the chip annihilate in the upper surface of formed
chip, as shown in Fig. 7c. Figure 7c also indicates that there are dislocations gliding
along the rake face of the cutting tool, which leads to easy flow of removed material.
With advance of the cutting tool, plastic deformation mainly localizes in the cutting
zone, and dislocation motions are dominantly confined in the chip volume. Further-
more, no dislocation—TB interaction or TB-associated mechanism is observed. After
the completion of cutting, a straight chip is formed, as shown in Fig. 7f.

Figure 8a, b presents representative cross-sectional views of instantaneous defect
structures after nanometric cutting of the two Cu substrates, demonstrating that dis-
location patterns in single crystal Cu are significantly different from the NT Cu.
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(a) (b)

Fig. 7 MD snapshots of defect structures at different cutting lengths. a 0.0 nm, b 6.9 nm, ¢ 11.5 nm,
d 17.3 nm, e 20.0 nm, and f 23.0 nm. Atoms are colored according to their CNA values

@) & (b)

Fig. 8 Comparison between twinned Cu and single crystal Cu. Top row: MD snapshots of defect
structures after cutting processes. a Twinned Cu and b single crystal Cu. Atoms are colored according
to their CNA values. Bottom row: Machined surface morphology after cutting processes. ¢ Twinned
Cu and d single crystal Cu. Atoms are colored according to their heights in the range from 2.0 to
6.3 nm
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Figure 8a shows that the plastic deformation is mainly confined in the chip volume,
and there are rather limited dislocations below the machined surface. In contrast,
the plastic deformation in the single crystal Cu substrate is more severe than the NT
Cu substrate for its higher dislocation density. Furthermore, there is an emission of
lattice partial dislocation from the edge of cutting zone and glide toward bottom of
the substrate. Resultantly, both the chip profile and machined surface morphology
of the NT Cu substrate are more uniform than the single crystal Cu substrate, as
shown in Fig. 8c, d. In the NT Cu, dislocations with low density glide freely in the
chip volume with long distance, as indicated by Fig. 8a. In contrast, the motion of
nucleated partial dislocations with high density in the single crystal Cu is blocked by
each other in the formed chip volume, which leads to strengthening of the material.
Consequently, smaller machining force is required for the NT Cu than the single
crystal Cu.

3.2 Effect of Rake Angle

Figure 9 plots the cutting force—length curves and normal force-length curves in
the cutting processes of NT Cu substrate with different rake angles. The NT Cu
substrate contains aligned 26° inclined TBs, which gives the lowest yield strength
and the highest friction coefficient, and due to that the plasticity is dominated by
TB migration and detwinning [16]. It is seen from Fig. 9a that the variation of the
cutting force for each rake angle has similar characteristics: It first increases rapidly
in the elastic deformation regime, then drops dramatically when the plasticity in the
substrate initiates, and finally fluctuates around a constant value when the cutting
process is stable. However, it is found from Fig. 9a that the variation of cutting
force strongly depends on the rake angle. Specifically, the larger the rake angle, the
smaller the period of elastic deformation regime and the smaller the cutting force.
The normal force also has similar rake angle dependence, as shown in Fig. 9b. For
the rake angles of —45° or 0°, the normal force first increases in elastic deformation
regime and finally fluctuates around a positive value in lateral plastic deformation.
However, the normal force for the rake angle of 45° mainly fluctuates around O,
indicating that the normal force acting on the cutting tool is negligible [24].

Figure 10 presents MD snapshots of instantaneous defect structures in the NT Cu
substrate after nanometric cutting with different rake angles. It is found from Fig. 10
that for each rake angle, in front of the cutting tool the formed chip mainly flows
along tool rake surface. There are considerable dislocations accumulated in the vicin-
ity of the TB, indicating that the TB acts as a barrier to dislocation motion. Being
similar with conventional strengthening mechanisms by high-angle grain boundaries
(GBs), the TB blocking dislocation motion also leads to an increase in strength of
the material. In contrast to conventional GB-associated strengthening strategy that
is accompanied with a compromise in ductility, the NT Cu does not lose its ductil-
ity because of the dislocation nucleation sites provided by the migrated TBs. The
nucleation of dislocations from the migrated TBs leads to softening of the material.
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It is found that during the nanometric cutting of the NT Cu, TBs can act as sinks and
sources to dislocation motion, and there is TB migration observed, which are consis-
tent with previous tension studies. However, the rake angle has a significant impact
on either the chip profile or the internal microstructure in the chip. Specifically, the
larger the rake angle, the more compliant the chip profile. For the rake angles of
—45° and 0°, Fig. 10a, b shows that dislocations are mainly inclined to tool surface.
In contrast, dislocations mainly glide parallel to the tool surface for the rake angle
of 45°, as shown in Fig. 10c [24].

Figure 11 presents machined surface morphologies of the NT Cu substrate after
nanometric cutting with different rake angles. Atoms are colored according to their
atomic heights. Figures 10 and 11 jointly demonstrate that the rake angle has a
strong influence on the machined surface quality. Figure 11 shows that for each rake
angle, there is an accumulation of dislocations parallel to TB formed in front of
the probe. However, the dislocation density decreases with increasing rake angle.
Consequently, Fig. 11c shows that the deformation of the TBs for the rake angle of
45° is negligible, while TB migration is pronounced for the rake angles of —45° and
0°. While the rake angle of 45° or 0° has a larger chip volume than the rake angle of
—45°, the surface pileup accumulated on both sides of as-fabricated groove is less
pronounced. Figure 11 shows that a smooth machined surface can be obtained for
each rake angle. However, the machined surface is smoother for the rake angle of 45°
than that for the other two rake angles, although there is material accumulated in the
end of the machined surface for the rake angles of 45° or 0°. Furthermore, the depth
of subsurface damage layer is the lowest for the largest rake angle of 45°. The rake
angle dependence of nanometric cutting of NT Cu can be mainly attributed to the
stress state between the tool surface and the substrate, which undergoes a transition
from compressive stress to shear stress with the increase of rake angle [24].
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Fig. 9 Influence of rake angle on variations of machining force of NT Cu containing 26° inclined
TBs. a Cutting force and b normal force [24]
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Fig. 10 MD snapshots of defect structures after nanometric cutting of the NT Cu with different
rake angles—a —45°, b 0°, and ¢ 45°. Atoms are colored according to their CNA values [24]

3.3 Effect of Inclination Angle

Figure 12 plots the cutting force—length curves and normal force—length curves in
the cutting processes of NT Cu substrates containing aligned TBs with different
inclination angles. The rake angle of diamond cutting tool is 45°. It is seen from
Fig. 9a that the variation of the cutting force for each inclination angle has similar
characteristics: It first becomes negative value due to the adhesion between diamond
cutting tool and substrate when the cutting tool is approaching the substrate. After
the cutting tool contacts with the substrate, the cutting force increases rapidly in
the elastic deformation regime and then drops dramatically when the plasticity in
the substrate initiates. Upon further cutting, the cutting force increases and finally
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Fig. 11 MD snapshots of
surface morphologies after
nanometric cutting of the NT
Cu with different rake
angles—a —45°, b 0°, and ¢
45°. Atoms are colored
according to atomic heights

[24]

16.0 nm 7.4 nm
N -

fluctuates around a constant value when the cutting process is stable. However, it
is found from Fig. 9a that the variation of cutting force strongly depends on the
inclination angle. Specifically, the cutting force for the 90° inclination angle is higher
than the other four angles. Furthermore, the 26° inclination angle has the minimum
cutting force. In the first period of the cutting process, the normal force is lower for
the higher inclination angle. However, this trend is reversed in the later period of the
cutting process.

Figure 13 presents cross-sectional views of MD snapshots of defect structures in
the NT Cu substrate containing aligned TBs with different inclination angles after
nanometric cutting processes. The defect structures in single crystal Cu substrate are
also presented for comparison. It is found from Fig. 13 that for the single crystal
Cu substrates, there are dislocations existed in both the formed chip volume and
beneath the machined surface. Furthermore, there are multiple {111}<110> slip
planes activated. In particular, there are mechanical TBs formed in the formed chip,
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Fig. 12 Influence of inclination angle on the machining force of NT Cu. a Cutting force-length
curves and b normal force—length curves

which have different inclination angles with respect to the rake face of the cutting
tool. In contrast, dislocation density in the NT Cu substrates is significantly lower
than that in the single crystal Cu substrates. Furthermore, the motion of dislocations
in the NT Cu substrate is confined by the fine twin lamellas. In particular, there are
considerable mechanical TBs that are parallel to the rake face of the cutting tool
formed in the formed chip of NT Cu substrate. It is also found that the deformed TBs
in the wake of the probe undergo purely recovery.

It is seen from Fig. 13 that the inclination angle has a significant influence on
the microscopic deformation of NT Cu substrates. The dislocation density for the 0°
inclination angle is significantly lower than that for the other four inclination angles.
In the cutting process of the NT Cu with 26° inclination angle, the glide of lattice
dislocations on the twin plane dominates the plastic deformation, accompanied with
the nucleation of twinning partials caused by TB migration. Simultaneously, there
is considerable chip containing inclined dislocations to TB formed in front of the
cutting tool. Upon further cutting, there are also intersections of inclined dislocation
with TB which leads to significant TB migration occurred, which subsequently acts as
dislocation nucleation sites. For the 90° inclination angle, the blocking of dislocation
motion by the perpendicular TBs to the free surface is the most pronounced. Figure 2e
shows there are two dislocations intersecting with the same TB in the neighboring
two twin lamellae. In contrast, dislocations mainly glide parallel to the TBs for the
64° inclination angle.

Figure 14 presents machined surface morphologies of the NT Cu substrate after
nanometric cutting with different inclination angles. The formed chip is removed for
each NT Cu substrate for better visualizing of machined surface quality. Atoms are
colored according to their atomic heights. Figure 14 demonstrates that the inclination
angle has a strong influence on the machined surface quality.

Figure 14 shows that the machined surface qualities for the inclination angle of 0°
and 64° are better than the other three inclination angles. Furthermore, the comparison
between single crystal and NT Cu substrates demonstrates that the machined surface
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Fig. 13 MD snapshots of
defect structures after
nanometric cutting of the NT
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different inclination angles. a
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according to their CNA
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qualities for the inclination angle of 0° and 64° are better than their single crystal

counterparts.

3.4 Effect of TB Spacing

Figure 15 plots the cutting force—length curves and normal force—length curves in
the cutting processes of polycrystalline NT Cu substrates containing aligned TBs
with different TB spacing. The rake angle of diamond cutting tool is 45°. It is seen
from Fig. 15a that the variation of the cutting force for each TB spacing has similar
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Fig. 14 MD snapshots of
surface morphologies after
nanometric cutting of the NT
Cu with different inclination
angles. a 0° b 26°, ¢ 45°, d
64°, and e 90°. Atoms are
colored according to their
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Fig. 15 Influence of TB spacing on the machining force of NT Cu. a Cutting force—length curves
and b normal force-length curves

characteristics: It first becomes negative value due to the adhesion between diamond
cutting tool and substrate when the cutting tool is approaching the substrate. After
the cutting tool contacts with the substrate, the cutting force increases rapidly in
the elastic deformation regime and then drops dramatically when the plasticity in
the substrate initiates. Upon further cutting, the cutting force increases and finally
fluctuates around a constant value when the cutting process is stable. The fluctuations
are caused by successive dislocation nucleation events. Figure 15a shows that the
stable cutting force decreases with increasing TB spacing.

Figure 15b shows that the variation of the normal force for each TB spacing has
similar characteristics: It increases with strong fluctuations when cutting is performed
in the grain interior and reaches the local maximum value when the cutting tool is
reached at the GB. Then the normal force decreases when the cutting is performed in
the second neighboring grain and reaches the local minimum value when the cutting
tool is reached at the GB. When the cutting is performing in the third neighboring
grain, the normal force increases with fluctuations. The variations of normal force
in different grains originate from different crystal orientations. Furthermore, for the
same grain, the variation of cutting force is also different for different TB spacing,
indicating the heterogeneous characteristics of microscopic deformation in individual
grains, which consequently leads to anisotropic cutting response.

Figure 16 presents cross-sectional views of MD snapshots of defect structures in
the NT Cu substrate containing aligned TBs with different TB spacing after nano-
metric cutting processes. It is found from Fig. 16 that for small TB spacing, the
microscopic deformation of the NT Cu is dominated by detwinning and TB migra-
tion, rather than dislocation slip. Furthermore, dislocations mainly glide parallel
to TBs. Figure 16a shows that the formed chip for the NT Cu with the TB spac-
ing of 0.63 nm is mainly composed of FCC atoms, which is a result of significant
detwinning. With the increase of TB spacing, the space for dislocation motion also
increases, which leads to increase of dislocation density. Figure 16 shows that there
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Fig. 16 MD snapshots of defect structures after nanometric cutting of the NT Cu with different TB
spacing. a 0.63 nm, b 1.25 nm, ¢ 1.67 nm, d 2.92 nm, and e 3.75 nm. Atoms are colored according
to their CNA values

Fig. 17 MD snapshots of surface morphologies after nanometric cutting of the NT Cu with different

TB spacing. 2 0.63 nm, b 1.25nm, ¢ 1.67 nm, d 2.92 nm, and e 3.75 nm. Atoms are colored according
to their atomic heights

are dislocations both parallel and inclined to TBs observed for large TB spacing, and
there are considerable dislocations formed in the chip volume.

Figure 17 presents machined surface morphologies of the NT Cu substrate with
different TB spacing after nanometric cutting processes. Atoms are colored according
to their atomic heights. Figure 17 demonstrates that the chip profile is similar to each
TB spacing. However, the volume of surface pile up in the cutting zone is smaller
for larger TB spacing, which is attributed to larger space for dislocation motion to
accommodate plastic deformation. In addition, the volume of surface pile on both
sides of the groove increases with increasing TB spacing, which is caused by more
pronounced dislocation annihilation at the free surface. There are more dislocations
gliding upward the free surface for larger TB spacing.

3.5 Effect of Grain Size

Figure 18 plots the cutting force—length curve and normal force-length curve in the
cutting processes of polycrystalline NT Cu substrates with different grain sizes. The
rake angle of diamond cutting tool is 45°. It is seen from Fig. 18a that the variation
of the cutting force for each grain size has similar characteristics: It first becomes
negative value due to the adhesion between diamond cutting tool and substrate when
the cutting tool is approaching the substrate. After the cutting tool contacts with the
substrate, the cutting force increases rapidly in the elastic deformation regime and
then drops dramatically when the plasticity in the substrate initiates. Upon further
cutting, the cutting force increases and finally fluctuates around a constant value when
the cutting process is stable. The fluctuations are caused by successive dislocation
nucleation events. While the number of grains is different for different grain sizes,
the cutting lengths for transition points in the cutting force—length curves are also
different for different grain sizes. It is seen from Fig. 18a that the cutting force is
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Fig. 19 MD snapshots of defect structures after nanometric cutting of the NT Cu with different
grain sizes. a 6 nm, b 8 nm, ¢ 10 nm, and d 14 nm. Atoms are colored according to their CNA
values
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the largest for the grain size of 10 nm (d3). Figure 18b shows that the variation of
normal force with cutting length is different for each grain size. The normal force is
the largest for the grain size of 10 nm (d3). It is indicated that there is a critical grain
size of 10 nm for the largest cutting force and normal force.

Figure 19 presents cross-sectional views of MD snapshots of defect structures in
the NT Cu substrate with different grain sizes after nanometric cutting processes. It is
seen from Fig. 19 that the microscopic deformation behavior is different in different
grain interiors in the same NT Cu substrate. Figure 19¢ indicates that lattice partial
dislocations mainly glide parallel to twin planes in the centered grain. However, there
are dislocations inclined to TBs observed in the right neighboring grain. In particular,
there are considerable mechanical TBs formed in the NT Cu with small grain size.
The newly formed TBs intersect with pre-existing TBs. The larger the grain size, the
more dislocation activity, and the less pronounced the GB-associated mechanisms.

Figure 20 presents machined surface morphologies of the NT Cu substrate with
different grain sizes after nanometric cutting processes. Atoms are colored accord-
ing to their atomic heights. Figure 20 demonstrates that the chip profile is strongly
dependent on grain size. With the increase of grain size, the uniformity along the rake
face of the cutting tool decreases, and the number of dislocations in the chip volume
increases. There is large space for dislocation motion in NT Cu with large grain size,
and consequent dislocation—GB interactions lead to strong anisotropic microscopic
deformation in individual grains, which deteriorates the long-range uniformity of
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Fig. 20 MD snapshots of surface morphologies after nanometric cutting of the NT Cu with different
grain sizes. a 6 nm, b 8 nm, ¢ 10 nm, and d 14 nm. Atoms are colored according to their atomic
heights

chip profile. Figure 20 also shows that the volume of surface pileup in front of the
cutting tool increases with grain size, which is caused by the dislocation annihilation
at the free surface. However, the volume of surface pileup on both sides of formed
groove decreases with increasing grain size.

4 Summary

In summary, we perform MD simulations to investigate the nanometric cutting of
NT Cu containing different internal microstructures using the diamond cutting tool.
Simulation results indicate that in addition to dislocation slip that exclusively dom-
inates the plastic deformation of single crystal Cu, dislocation—TB interactions and
TBs-associated mechanisms are two important deformation modes for the NT Cu.
Specifically, TBs act as both dislocation barriers and sources. Furthermore, TB migra-
tion accompanied with nucleation of twinning partials plays important role in the
plastic deformation of the NT Cu. It is shown that the nanometric cutting of NT Cu
exhibits strong dependence on both intrinsic and extrinsic parameters. It is found
that both the dislocation density beneath machined surface and the machining force
decrease with increasing rake angle due to the transition in stress state between tool
surface and the material, and a compliant chip profile and fine machined surface qual-
ity of NT Cu can be achieved with a large rake angle of 45°. The strong competition
between individual deformation modes is strongly dependent on TB inclination, TB
spacing, and grain size, which leads to the strong anisotropic cutting response of NT
Cu that originates from the heterogeneous localized deformation.
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Investigation into Plastic Deformation )
and Machining-Induced Subsurface oo
Damage of High-Entropy Alloys

Jia Li and Qihong Fang

Abstract High-entropy alloys (HEAs), which contain more than five principal
elements with equal or near equal atomic percent, exhibit high wear resistant, high
strength, and great plasticity. However, the plastic deformation mechanism and the
machining-induced subsurface damage of HEAs at nanoscale are not yet fully under-
stood, to limit their widely practical utility. Based on the experiment, AICrFeCuNi
HEA of atomic model is built through a melting and quick quenching method. In
this work, we study the mechanical behaviors of AICrFeCuNi HEA under uniaxial
tensile loading and scratching processes by molecular dynamics (MD) simulations,
in terms of the scratching force, atomic strain, atomic displacement, microstructural
evolution, and dislocation density. The results show that the HEA obtained from
MD simulations not only has high strength, but also exhibits good plasticity which
is qualitatively consistent with the experiment. The dislocation gliding, dislocation
pinning, and twinning subjected to the severe atomic lattice distortion and solid solu-
tion effects are still the main mechanism of plastic deformation in HEA. In addition,
the larger tangential and normal forces and higher friction coefficient take place in
HEA due to its outstanding strength and hardness, and high adhesion over the pure
metal materials. Furthermore, the excellent comprehensive scratching properties of
the bulk HEA are associated with the combined effects of multiple strengthening
mechanisms, such as dislocation strengthening, deformation twinning strengthening
as well as solute strengthening. This atomistic mechanism provides a fundamental
understanding of plastic deformation and scratching behavior in HEA.
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1 Introduction

The development of new materials drives the progress of human society, which
experienced the Stone Age, the Iron Age, the Steam Engine Age, and the Information
Age. To widen the application range of metals, we need obtain alloy materials with
superior combinations of strength and toughness, for daily life, national defense,
and outer space exploration [1, 2]. Recent years, “high-entropy alloys (HEAs)” or
“multi-principal element alloys (MPEAs),” consisting of equal or near equal atomic
multi-elements, have attracted a large number of scholars from different fields, due
to their high wear resistant, high strength, high hardness, and good ductility [3-6].
Compared to the conventional alloy systems, HEAs have mainly four unique effects,
such as high-entropy effects in thermodynamics, sluggish diffusion in kinetics, severe
lattice distortion in structures, and cocktail effects in properties [7].

A large number of experimental studies have been investigated on the relation-
ship between microstructure and mechanical properties in HEAs [8—12]. The tensile
strength of the single-phase FCC CrMnFeCoNi HEAs can improve with reducing the
temperature, due to the continuous steady strain hardening from a planar-slip disloca-
tion to mechanical nanotwinning transition [3]. The fatigue life of Aly5CoCrCuFeNi
HEAs is greater than 107 cycles at stresses above 858 MPa, attributed to the multilevel
defect densities introduced by fabrication and processing [13]. The dual-phase HEAs
adjusted by the alloying contents exhibit the excellent strength—ductility combina-
tions owing to transformation-induced plasticity [14]. In addition, the wear behavior
of HEAs is important to their industrial applications, because the plastic deforma-
tion and work-hardening take place during the wear process [15]. The tribological
properties of the CuCrFeTiZn HEAs show a good combination of plasticity and wear
resistance, which are the result of the presence of FCC and BCC phases distributed
homogenously [16]. Compared to the traditional alloy systems, the TiZrHfNb HEAs
exhibit an improved wear resistance and the lower coefficient of friction [17]. Many
of these experimental observations have deeply revealed the deformation behavior
of single-phase and dual-phase HEAs.

To intuitively observe the microstructure evolution controlling the mechanical
properties, large-scale MD simulations have played an essential part in exploring
the microstructural evolution mechanism of metal and alloy materials [18, 19]. The
rapidly solidified structure of NiAICuCoTiVZnZr HEA and the thin film growth of
AlCoCrCuFeNi HEA have been modeled using MD simulation, indicating that the
degree of disorder increases with the number of elements [20, 21]. The mechani-
cal behaviors of AICrFeCuNi and Aly;CoCrFeNi HEAs under uniaxial tension are
presented via MD simulations, showing the dislocation gliding, dislocation pinning,
and twinning due to the severe atomic lattice distortion and solid solution are still
the main mechanisms of plastic deformation in HEAs [22, 23]. The elastic and plas-
tic deformations in FeCrCuAINi HEA and Cuy9Zr3;Tij5AlsNijg high-entropy bulk
metallic glass (HE-BMG) are reported during indentation process, revealing that the
equal element addition can significantly improve the mechanical properties of HEA
as compared to the conventional alloys [24, 25]. The nanoscratching mechanical
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response of AICrCuFeNi HEA is studied, finding that the higher friction coefficient
takes place in HEA due to its outstanding strength and hardness, and high adhesion
and fracture toughness over the pure metal materials [26]. Moreover, the stacking
fault energy (SFE) in HEA increases the probability to initiate dislocation and twin-
ning, which is conducive to the formation of complex deformation modes [27]. The
MD simulations aforementioned not only give valuable insights into the mechanical
properties, but also the structure—property relationship in HEA. These works maybe
facilitate the design and preparation of advanced HEA with outstanding mechanical
properties.

In this chapter, MD modeling is utilized to investigate the effects of severe atomic
lattice distortion on plastic deformation and machining-induced subsurface damage
of single-crystal and nanocrystalline HEAs. Section 2 describes the MD methods and
the models of the single-crystal and nanocrystalline HEAs. Section 3 discusses the
plastic deformation behavior in the HEAs. Machining-induced subsurface damage
is demonstrated in Sect. 4. Section 5 concludes this chapter.

2 Models and Methods

2.1 Building Model

Figure 1a shows that the MD model of nanoindentation and nanoscratching consists
of the spherical indenter and the HEA sample. The MD simulation parameters could
be obtained [22, 25, 26]. To build the atomic model of HEA, the atoms of Fe (Cr, Cu,
Al) are randomly selected and replaced with Ni atoms until the desired composition is
obtained for meeting the experimental measurement. Using the melting and quench-
ing simulations, the HEA sample can be obtained. The flowchart in the FeCrCuAINi
HEA preparation is shown in Fig. 1b, and the equiatomic FeCrCuAINi alloys form
a single FCC phase. The atomic model in FeCrCuAlNi is initially relaxed at 300 K
for 100 ps under periodic boundary conditions. The HEA sample can be gradually
heated to 1500 K at the heating rate 0.004 K/fs and then maintains at 1500 K for
100 ps to allow HEA to melt. The HEA sample is quenched to 300 K with cooling
rate 0.004 K/fs and finally maintains at 300 K for 100 ps. Thus, the HEA sample can
be prepared for the MD simulation of nanoindentation and nanoscratching.

2.2 Simulation Method

Here, the HEA substrate contains three kinds of atoms: boundary atoms, thermostat
atoms, and Newtonian atoms [24-26]. The bottom atoms in the HEA substrate are
fixed to support the workpiece, and the adjacent-layer atoms maintain a constant
temperature of 293 K to release heat energy from nanoindentation and nanoscratch-
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Fig.1 a MD model of HEA FeCrCuAINi under nanoindentation and nanoscratching. @Cr, @Fe,
Ni, Cu, DAl b The flowchart of preparation for FeCrCuAINi HEA. Reproduced from Ref. [22]
with permission from The Royal Society of Chemistry. Reproduced from [26] with permission

ing [24-26]. The motion equations of Newtonian atoms meet Newton’s second law.
A time step of MD simulation is 1 fs. The indenter moves at a constant velocity of
10 m s~! during the loading and unloading processes with the maximum penetration
depth of 3 nm. Both the relaxation, nanoindentation and nanoscratching simula-
tions are used in microcanonical ensemble (NVE). In this chapter, the open-source
LAMMPS code performs the MD simulation [28], and the open-source software
Opvito visualizes the microstructure evolutions generated by MD simulation [29].
Based on the common neighbor analysis (CNA), four types of atoms are identified in
different colors, where green atoms stand for FCC phase, blue atoms for BCC phase,
red atoms for stacking faults, and white atom for grain boundaries, other atoms or
dislocation cores.

The mixing potentials, consisting of embedded atom method (EAM) poten-
tial and Morse potential, are used to the FeCrCuAINi HEA during the ten-
sion, nanoindentation, and nanoscratching. The EAM potential is also used to
the indentation of Cuy9Zr3,;Tij5AlsNij9 HE-BMG and the plastic deformation of
Coy5NiysFes5Al; 5Cul 75 HEA. The interactions of atoms in Fe—Ni—Cr, Al-Al, and
Cu—Cu are applied by the EAM potential [20-22, 30, 31], which is expressed as

1
E=Fa) pi(Rij)+5 D dap(Rij) M
i i

where the total energy E is the sum of the embedding energy F, and the short-range
pair potential energy ¢. p stands for the electron density. « and § indicate the element
types of atoms i and j, respectively.
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The interactions of the remained atoms are employed by the Morse potential,
which can be given

U= D{exp[—Za(r,»j — rO)] — Zexp[—a(r,-j — ro)]} 2)

where D is the cohesion energy, « a constant parameter, 7;; the distance between the
two atoms, and ry the distance at equilibrium. Using the Lorentz—Berthelot mixing
rule [32], the parameters of Morse potential in different materials are calculated. The
parameters of D, ro, and « for a mixed pair of atoms in the materials A and B meet
the following formulas [32]

Di_p =+/DsDg 3

ap_p = (g +ap)/2 4
T0A—B = /00 +In2/0s_p )
oaB=Toa,8 —1In2/0s B (6)

where D4_p is the fitted dimer energy, o4_p is the lattice constant, and rp4—_p is
the equilibrium distance for materials A and B. The ratio between the chosen cutoff
radius and the equilibrium distance is less than 4%, to improve the efficiency of
calculation. Here, the cutoff radius used for the remained atom is chosen to be 9.0
A. The detailed parameters can be obtained in Ref. [22].

A purely virtual spherical repulsive rigid indenter is used in the indentation sim-
ulation [25, 30]:

F(r)=KOR —r)(R —r)? (7
where R is the spherical indenter radius, and r is the distance between the center
of the spherical indenter and workpiece. A specified force constant K is 3 eV/A,

and 0 (R — r) is the standard step function. For the nanoscratching simulation, the
interaction between indenter and workpiece is used to the Morse potential [26].

3 Plastic Deformation Behavior

3.1 Single-Crystal High-Entropy Alloy

3.1.1 Elastic Deformation Behavior

To verify the validity of the present mixing potentials, Fig. 2a plots the cohesive
energy distribution with the increasing atomic density at different crystal structure
AlCrFeCuNi HEAs. The FCC HEA has the minimum cohesive energy, indicating
the stable phase of FCC HEA [31, 32]. This trend shows good agreement with the
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Fig. 2 a Cohesive energy of different crystal structure HEAs as a function of the atomic density.
b Stress versus strain curves of AICrFeCuNi, (x from 0.6 to 1.4) for various Ni content. x = 0.6
in curve a, x = 0.8 in curve b, x = 1.0 in curve ¢, x = 1.2 in curve d, and x = 1.4 in curve e from
experiment [33], and x = 0.6 for curve f, x = 0.8 for curve g, x = 1.0 for curve h, x = 1.2 for curve
i, and x = 1.4 for curve j from MD simulation. ¢ Tensile stress—strain curves of Aly5CrCuFeNij
from experiment [34] and MD simulation. d Compressive stress—strain curves of AICrCuFeNi, in
experiment [35] and MD simulation. Reproduced from Ref. [22] with permission from The Royal
Society of Chemistry

experiments [33—-35], where the AICrFeCuNi, HEA is consisted of FCC and BCC
phases. Hence, the FCC AlCrFeCuNi HEA is selected as reasonable study object.

The stress—strain relationship in AICrFeCuNi, (x from 0.6 to 1.4) HEA with a
variety of Ni-solute concentration at room temperature is shown in Fig. 2b. Here,
the curves a—e represent the experimental data [33], and the curves f—j mean the
MD simulation data. Figure 2c, d presents the comparison of AlpsCrCuFeNi, [34]
and AICrCuFeNi, [35] HEAs from experiment and simulation. From Fig. 2b—d,
in the elastic stage, the results obtained by MD simulation are consistent with the
experiments [34, 35]. However, the nanosized AlCrFeCuNi, HEA exhibits high
strength and good plasticity, which deviates from the experiments. This trend is owing
to smaller and stronger mechanical properties in nanoscale metal materials [36]. In
the classical mechanics, Young’s modulus, one of the important characterizations of
mechanical properties of materials, is defined as
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where o and ¢ are the stress and strain. Based on linear fitting of Eq. (8), Young’s
modulus is about 125 GPa in AICrFeCuNi, HEA, agreeing with 118 GPa from the
experimental result [33].

3.1.2 Plastic Deformation Behavior

The stress versus strain curve in AlCrFeCuNi;4 HEA under tensile loading is
depicted in Fig. 3. This curve can be calculated from average value of the 10 groups
of MD simulation data, to eliminate the random inherent in the isothermal-isobaric
(NPT) ensemble. In the initial deformation stage, the stress linearly increases with
the increasing strain, similar to the mechanical behavior in the pure metals subjected
to loading. The HEAs show the ideal elastic—plastic behavior [33-35], indicating
the homogeneous plastic flow. Figure 3a—e examines the evolution of microstruc-
ture for AICrFeCuNi; 4 HEA. After the yielding, the HEA shape obviously changes
in Fig. 3b—d, where the plastic deformation relies on the nucleation and motion of
dislocations.

The local crystalline classification is visualized in AlICrFeCuNi; 4 HEA [37]. Here,
a single layer composed by HCP atoms stands for a twinning boundary (TB), two
adjacent HCP layers are an intrinsic stacking fault (ISF), and two HCP layers with a
FCC layer between them are an extrinsic stacking fault (ESF). With the increasing
strain, the ISF embryos and deformation twinning are observed in Fig. 3g—j. Besides,
at larger plastic deformation stage, deformation twinning grows (Figs. 3f—j and 4c),
to enhance the plasticity of AICrFeCuNi; 4 HEA. Meanwhile, the secondary ISF and
ESF occur (Fig. 3b—d). As a result, the secondary partial dislocations are blocked
by the primary ISF. Furthermore, dislocations interact with the TB (Fig. 4c—e), and
detwinning takes place (Fig. 4b—i).

Figure 5 shows a comparison of microstructure evolution in AlICrFeCuNi, 4 HEA
and pure metals. A large number of ISFs occur, and more slip systems are activated
in AlCrFeCuNi; 4 HEA, leading to a good plastic behavior. In HEA, deformation
twinning occurs at the strain of 14.3% (Fig. 4b, c¢), and the reversible detwinning
happens with the further loading (Fig. 4b—i). At the strain of 25%, there is the pres-
ence of twin formation in Cu, Ni, and Cr (Figs. 4a and 5). The AlCrFeCuNi; 4 HEA
can form a single FCC phase with low SFE [38]. For the low SFE HEA, the par-
tial dislocations with the large SF width come from the dissociation of the perfect
dislocation, which is difficult to cause the occurrence of cross-slip and climb [38].
Figure 6 demonstrates the shear localization of HEA under uniaxial loading, where
the red atom means high shear strain. As well known, the essentially smooth defor-
mation changes to the highly localized deformation with the increasing strain, and
this process results in the shear band (SB) formation. As shown in Fig. 6a—e, SBs
initiate at the free surface and subsequently propagate across the substrate, resulting
in a sudden drop of flow stress (Fig. 3). With the increasing strain, SBs and shear
transformation zones extend in Fig. 6b—e, which would eventually cause the fracture
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Fig. 3 Tensile stress—strain curve, and atomic microstructure along z-direction in AICrFeCuNij 4
HEA (a—e). Microstructure of AlCrFeCuNij 4 at the strain: f 9.1%, g 11.7%, h 15.2%, i 18.8%,
and j 25%. Reproduced from Ref. [22] with permission from The Royal Society of Chemistry

of substrate. The SB formation depends on the stress concentration, reducing the
strength of HEA. Hence, the dislocation gliding controls the plastic deformation of
HEA, due to the dislocation and solute atoms interaction to inhibit the dislocation
movement and activate more slip systems.

Using dislocation extraction algorithm (DXA) [39], the interactions between the
dislocations are observed clearly, as shown in Fig. 6f—j. As a result, after yielding the
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Fig. 4 Deformation twinning in Cr at strain 25% (a). Deformation twinning and detwinning in
HEA at strain 14.3% (b, ¢), 21.2% (d, g), 23.3% (e, h), and 24.3% (f, i). Reproduced from Ref.
[22] with permission from The Royal Society of Chemistry

Fig. 5 Microstructure in AICrFeCuNi; 4 HEA (a), Al (b), Cu (c), Fe (d), Ni (e), and Cr (f) at the
strain of 25%. Reproduced from Ref. [22] with permission from The Royal Society of Chemistry

partial dislocations emit in slip planes of (1 1 1), (1 —1 1), and (—1 1 1) (Fig. 6f), to
reduce the stress concentration. When the formed dislocations encounter the emitted
dislocations, they either annihilate or interact with each other, causing the formation
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Fig. 6 Shear strain of AICrFeCuNi; 4 HEA at tensile strain: a 9.1%, b 11.7%, ¢ 15.2%, d 18.8%,
and e 25%. Dislocation evolution at strain: £ 9.1%, g 11.7%, h 15.2%, i 18.8%, and j 25%. The blue
line represents perfect dislocation, green line Shockley partial dislocation, the red line other, sky
blue line Frank partial dislocation, pink line stair-rod dislocation, and yellow line Hirth dislocation.
Reproduced from Ref. [22] with permission from The Royal Society of Chemistry

of vacancies and dislocations [25]. The dislocation density p plays a key role in
strengthening materials [40], which can be defined as the ratio between the total length
of dislocation lines L and the volume of crystal V(p = L/V). Here, dislocation
density of HEA is 8.469 x 10'7 m~2, that of Cu is 6.539 x 10'7 m~2, that of Fe is
5.720 x 101 m~2, that of Niis 4.763 x 107 m~2, that of Cris 3.122 x 10! m~2, and
that of Alis 2.902 x 10'” m~2. The dislocation density of the HEA has a maximum
value and leads to a strong work hardening, revealing the dislocation-dominated high
strength of AlCrFeCuNi; 4 HEA. Compared with pure metals such as Al and Cr, the
AlCrFeCuNi; 4 HEA has the massive Hirth dislocations and stair-rod dislocations, to
further enhance the strength of HEA owing to the formation of Lomer—Cottrel lock.
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3.2 Nanocrystalline High-Entropy Alloy

3.2.1 Mechanical and Physical Properties

The deformation of the Co,5NiysFersAl;5Cuy7s (at.%) HEA nanocrystalline is
depicted in Fig. 7a, b [27]. Here, the ISF yigp is 25.6 mJ m~2 with the error 4.6 mJ m—2
in Fig. 7c, which agrees with the previous experiments, such as 19.7 mJ m~2 in
NiysFesCri7Co0Mnyg [41], 49 mJ m~2 in FeCoNiCrCu [42], and 25 mJ m~2 in
FeMnNiCoCr [38]. The atomic lattice distortion strongly affects SFE [36-38, 43],
which can influence the dislocation nucleation and motion. The random element
distribution and atomic size can affect the degree of local atomic lattice distortion,
causing the SFE fluctuation [41] (Fig. 7c). Indeed, the plastic deformation of the low
SFE steels is controlled by the phase transformation. Therefore, the phase transfor-
mation could take place in the low SFE HEAs, which is similar to the behavior of the
low SFE steels. The stress—strain curves of nanocrystalline HEA show that the yield
strength of HEA increases with the strain rate in the range of 5 x 10° to 2 x 108
s~! (Fig. 7d). Compared to the previous experimental value of 1.795 GPa, the yield
strength at strain rate 5 x 10° s~! is 1.866 GPa with 4% error in nanocrystalline HEA
[44]. Hence, the yield strength of HEA depends on the strain rates, which agrees with
the result of nanosecond-laser shock-induced phase transformations [45].

3.2.2 Phase Transformation Process

The primary plastic deformation process in the nanocrystalline HEA depends on
the dislocation reaction and grain-boundary-deformation behavior (Fig. 8a, b) [44,
45], such as the nucleation and emission of partial dislocations from grain boundary
and the formation of HCP structures. When the dislocation behavior is suppressed
due to the high stress from the nucleated SF, the phase transformation from FCC
to BCC surprisingly occurs (Fig. 8c—e). The nucleus of BCC arises from the SF-SF
intersections or grain boundaries (Fig. 8c—e) [46, 47], grows along the habit plane
(Fig. 8d—e), and further extends to the surroundings. Based on the results of Olson
and Cohen [46], two intersecting shear systems produce the nucleation sites and
embryos of BCC phase in low SFE austenites. Accordingly, phase transformation of
HEA depends on its low SFE, which is similar to the martensitic phase transformation
in low SFE steels [48]. Subsequently, the BCC phase merges with the other BCC
phase and then forms the larger BCC phase to release the high strain (Fig. 8e).
Figure 8f further confirms that more than 20% of HEA has been transformed to the
BCC phase. A schematic illustration for the formation and growth of BCC phase
induced by the SF-SF intersection is shown in Fig. 8g.

The FCC to BCC transformation in Fig. 9a satisfies the Nishiyama—Wasserman
(N-W) relationship, namely (111)fccll(110)bcc and [1-10] fecll[—111]bcc orienta-
tion [49, 50]. Figure 9b, ¢ shows the nucleated BCC phase at the strain of 5%, and
the crystallographic relationship of the original FCC structure and the generated
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Fig. 7 Atomistic model of Coy5NipsFeysAly 5Cuy7 5 HEA with average grain size of 10 nm accord-
ing to atomic type (a) and CNA (b). Energy barriers of displacement pathway (11-2) direction (c),
where error bar is computed by the element random distribution, and y,s is the unstable SFE.
Stress—strain of nanocrystalline HEA subjected to compressive loading from MD simulations and
experiment [44] (d). Reproduced from [27] with permission

BCC structure. In addition, most of the atoms deviate from the perfect FCC/BCC
lattice sites, and their average positions along the projected direction still form a
FCC/BCC lattice (Fig. 9¢). Hence, the experimentally observed crystal structure in
Co,s5NipsFersAly sCuy7 s HEA is only aresult of a wide range average of local atomic
structure, which is neither long-range nor short-range order in HEA system [44].
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Fig. 8 Microstructural evolution at strains: a 0%, b 3%, ¢ 8%, d 17%, and e 20%. The fractional
phase content with strain (f). Illustration of the BCC phase formation and growth induced by the
SF-SF intersection (g). Reproduced from [27] with permission

(111)ze]| (110),,

Fig. 9 alllustration of the (111)fcc to (110)bec phase transformation to meet the N—W orientations.
Large and small circles show the atoms of FCC and BCC lattices. Phase-transforming system at
strain 5% (b) and (c). The black square means FCC lattice, and the red rectangle shows BCC lattice.
Reproduced from [27] with permission
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during indentation of HE-BMG (a). Indentation load—displacement at various temperatures (b).
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4 Machining-Induced Subsurface Damage

4.1 Indentation of High-Entropy Alloy

The classical load—displacement curve in CuygZr3;TijsAlsNijg HE-BMG under the
nanoindentation process is presented in Fig. 10a. Firstly, the elastic deformation
occurs in HE-BMG and then transforms to the plastic deformation, which is sim-
ilar to the deformation behavior induced by the indentation in traditional metallic
glass [51-53]. Moreover, a displacement burst occurs in the curve. On the basis of
the Hertzian elastic theory [54-56], the correlation of the indented load P and the
penetrated depth £ during the elastic deformation can be expressed as follows

P =4E,R'*n*?/3 9)

where R indicates the radius of indenter, and E, represents the reduced Young’s
modulus which can be derived from the equation
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(10)

where v; and E; represent Poisson’s ratio and Young’s modulus of indenter. vs and E
are Poisson’s ratio and Young’s modulus of HE-BMG. In the present MD simulation,
owing to the adoption of virtual rigid indenter, Eq. (10) can be simplified as [57]

E = (1-V)E. an

Figure 10a shows the Hertzian fitting from Eq. (9). Compared with the indenta-
tion experiment of 105.4 GPa, the reduced modulus is 106.1 GPa with a standard
deviation of 0.4 GPa and has about 0.6% deviation [58]. Recently, Poisson’s ratio
acquired from experiment of HE-BMG is 0.348 for TiygZryoHf20BesgCusyg [59], 0.351
for TizoZI‘gonzoBCzoCllzoNilo [60], and 0.354 for Til6'7ZI'16,7Hf16.7Ni16,7CU16_7B616_7
[61]. Here, Poisson’s ratio of Cuy9Zr3;TijsAlsNijg HE-BMG is set as 0.35. Thus,
Young’s modulus of HE-BMG Cuy9Zr3, Ti;5AlsNijg calculated from Eq. (11) is 93.1
GPa. Furthermore, Young’s modulus of BMG can be calculated based on the mixtures
rule, as shown in [62]

1 i
E_EE (12)

where E; is Young’s modulus of the element i, and f; represents the atomic percentage
of the element i. Young’s modulus of HE-BMG calculated from Eq. (12) is 101 GPa.
Compared to the result of experiment and MD simulation, the corresponding Young’s
modulus of HE-BMG on the basis of the rule of mixtures is larger. Therefore, the
MD simulation is more accurate to predict the mechanical properties of HE-BMG
compared to the mixtures rule.

The correlation between the indentation load and displacement at various tem-
peratures is shown in Fig. 10b. As the temperature increases, the elastic modulus
of HE-BMG reduces. In addition, the maximum indentation force also decreases
at the same indentation depth, showing the high-temperature softening behavior of
HE-BMG. This trend agrees with the previous experiments [51-53]. The Al ele-
ment plays a critical role in the strength and ductility of HEA [8, 63, 64]. Here, the
indentation force—displacement in HE-BMG with various Al content is studied in
Fig. 10c. The indentation force decreases with the increase of Al element, resulting
in the reduction of Young’s modulus in HE-BMG owing to the low stiffness of pure
Al [62].

Hardness H is the characteristic of material to resist hard objects pushing into the
material surface and can be expressed as

H = F/A. (13)
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Fig. 11 Shear strain (a—d), and atomic displacement (e-h), at the indentation depths of (a, c, e, g)
1.2, and (b, d, f, h) 2.4 nm. Reproduced from [24] with permission

where the load is F, and the area of pressing surface A. is 2t Rh [30, 57]. Using
Eq. (13), the hardness in CuyyZr3;TijsAlsNijg HE-BMG is 8.8 GPa from MD simu-
lation and is in good agreement with 7.45 GPa from the indentation experiment [58].
The strong size effect causes the about 18% deviation compared to the experiment.

The ratio between hardness and elasticity modulus (H/E ratio) can give contri-
bution to the wear resistance [65, 66]. Higher H/E ratio leads to lower friction and
higher wear resistance [65, 66]. Here, H/E ratio in Cuy9Zr3, Ti;sAlsNijg HE-BMG is
0.094 from MD simulation. The hardness hardening rate during indentation is shown
in Fig. 10d. As the indentation depth increases, the hardening rate rapidly goes up
and then decreases slowly at loading process. However, the hardening rate decreases
at unloading process.

Figure 11a—d shows the shear strain distribution below the indenter at different
depths of indentation. The nucleation of shear area is occurred at the contact zone
between workpiece and indenter, and extends toward the inside of HE-BMG. In the
Cuy9Zr3;TijsAlsNijg workpiece, the disordered structure leads to the asymmetric
distribution for shear region, although the spherical indenter is symmetric, due to the
highly degree of disordered and HE effect. Figure 1 1¢, d shows that the gradient-strain
distribution continues to decline from the indenter—workpiece contacting center to
the boundary of workpiece below the indenter, indicating the plastic anisotropy. That
is to say, the region of the highest shear strain is located around indentation at the 1.2
and 2.4 nm indention depth, qualitatively according with the Hertzian elastic theory
[54].

During the process of nanoindentation, the atomic displacement distribution in
HE-BMG s showninFig. 1 1e-h. An analysis of local displacement is implemented at
selected depth of indentation (Fig. 11e, f), indicating the seriously deformed behavior
in alocal cluster [22, 25]. In indentation region, the displacement of atomic could still
keep relative symmetry with the increase of indenter, showing that the displacement
of HE-BMG is isotropic. This trend agrees with the result in Fig. 11g, h, where the
contours of atomic displacement show a clear symmetry.



Investigation into Plastic Deformation and Machining-Induced ... 39

- 23nm
- . I2 Inm
(e) i ( o . i :

il

Fig. 12 Surface morphology at the indentation depth: a 0.6, b 1.2, ¢ 1.8, and d 2.4 nm. The cross-
section snapshots of atomic displacement vectors at the indentation depth: e 0.6, f 1.2, g 1.8, and h
2.4 nm. Reproduced from [24] with permission

To investigate the behavior of plastic deformation, the surface morphology at
the different indentation depths is performed in the surrounding indentation region
(Fig. 12a—d). When the indentation depth changes from 1.8 to 2.4 nm, the brittle
deformation of HE-BMG transforms to the ductile model. At the indentation depth
of 0.6 nm, a brittle deformation of HE-BMG agrees with the result of previous
experiment and simulation [62]. When the indentation depth is larger than 2.4 nm,
an appearance of many atom pileups suggests a typical model of ductile deformation.
The shear stress flow from the indentation process could drive the surface atom groups
to move. This phenomenon affects the brittleness and toughness of HE-BMG [51,
67].

Figure 12e—h shows the atomic moving vector in CuygZr3; TijsAlsNijg HE-BMG,
where the length and direction of arrow are the moving distance and moving direction
of atoms. As can be seen, the significant curvilinear motion occurs around indenter,
instead of below the indenter, owing to the shear stress flow. The surface atoms
could move along the opposite direction of indention as the indentation continues to
penetrate (Fig. 12h). Hence, the brittle to ductile transition relies on the indentation
depth in the HE-BMG, which can be achieved by the integral sliding in the local atom
groups at different layers [51, 67] (Fig. 12e-h). In other words, the homogeneous and
inhomogeneous stress flow results in the plastic deformation of HE-BMG attributed
to that the activation energy for the occurrence of shear deformation decreases by
the severe distortion.

Figure 13a—e presents the partial RDF, including the Zr—Zr, Zr-Ti, Zr—Ni, Zr-Al,
Zr—Cu, Ti-Ti, Ti-Ni, Ti-Al, Ti—Cu, Ni-Ni, Ni-Al, Ni—Cu, Al-Al, Al-Cu, and Cu—Cu
pairs. The long-range order could reflect the crystal structure. RDF is seen as the key
link between macroscopic thermodynamic properties and intermolecular interactions
[22, 25]. The first RDF peak sharply changes among the fifteen partial RDFs, indi-
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Fig. 13 After indentation the partial RDF versus interatomic distance in (a—e) and RDF versus
interatomic distance before and after indentation in (f). Reproduced from [24] with permission

cating the amorphous property of HE-BMG. The first partial RDF peak of Al is
obviously shifted to the left/right owing to the difference in atomic radius (Fig. 13d).
It can be obtained to the atomic size for different elements [26]. Hence, the difference
of various element radii plays a major role in formation ability of amorphous HE-
BMG [68]. The previous study reveals the formation ability of amorphous HE-BMG
which relies on the element concentration and the value of the critical pressure melts
quenching [69, 70]. The RDF of HE-BMG indicates that the HE-BMG is the amor-
phous structure at room temperature (Fig. 13f). Figure 13f also shows that the slight
reduction is observed in the first peak after indentation. Thus, it is expected that the
RDF analysis can give the possible relationship between the structural modification
and the formation ability of the amorphous HE-BMG.

4.2 Scratching of High-Entropy Alloy

Figure 14a, b shows the relationship of force and scratching distance in the AICr-
CuFeNi HEA and pure metals. Here, the tangential force and the normal force are
defined as the total force from the atoms of scratching tip [71-73]. Since a constant
material is removed by the scratching tip for the stable scratching stage, the tangential
force needs to be a stable value (Fig. 14a). Specially, the tangential force of AICr-
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CuFeNi HEA overtakes the force of pure Cu and Al, attributed to that AICrCuFeNi
HEA has the higher strength and adhesion as compared with pure metals of Cu and
Al [26, 42, 74-76]. With the advancement of the scratching tip, the normal force
fluctuates slightly and achieves the maximum value in AICrCuFeNi HEA (Fig. 14b).
The stable normal force is required for the scratching of pure metal workpiece with
the constant scratching depth. However, the drastic concussion of the normal force
in AlCrCuFeNi HEA depends on the difference of the strength, yield, and fracture
toughness in different elements [26, 74, 77]. In order to cut a constant material, the
AlCrCuFeNi HEA with the higher adhesion and fracture toughness [78] requires a
consistently larger normal force than that of pure metal.

Figure 14c presents the friction coefficients for pure metal materials and AICr-
CuFeNi HEA during the scratching process. The ratio of tangential force to normal
force is called as the friction coefficient, namely k = F,/F,. Figure 14c illustrates
that the properties affect the friction coefficient for the metal materials. It is seen
that except for Al with the strong adhesion, the friction coefficients of the pure metal
materials are smaller than that of AICrCuFeNi HEA, which presents the good adhe-
sion for AICrCuFeNi HEA. Furthermore, the previous result on the worn surface of
AICrCuFeNi, HEA reveals the features of adhesion mechanism [77]. Compared with
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the pure metal materials, the larger friction coefficient for AICrCuFeNi HEA can be
ascribed to the higher strength, stronger adhesion, and higher fracture toughness of
the AICrCuFeNi HEA than that of the pure metal [77]. In addition, the larger error for
the friction coefficient is induced by the multicomponent elements of AICrCuFeNi
HEA, because the tool contacts with the different types of atoms as the tip advances.
The current simulation result verifies that during scratching process, since the larger
scratching force is required for the material removal of the high strength AICrCuFeNi
HEA, the larger friction coefficient is acquired for the AICrCuFeNi HEA substrate.

The scratched surface at different scratching distances is shown in Fig. 15a—f,
where the atoms are colored on the basis of the atomic height. In front of tip and
both sides of groove, great quantities of the atom pileups increase rapidly with the
advancement of tip. This phenomenon also occurs in the scratching process of the
pure metals, such as Cu, Fe, and Ni [78-80]. Due to the elastic recovery of the
scratched surface, the dislocation nucleation and slip cause an uneven surface and
reduce the integrity of HEA surface. It has been proved by previous work that the
obvious plastic flow, occurring in the AlCrCuFeNi, HEA surface, results in the
uneven surface [77]. The atom pileups and scratching groove in the AlICrCuFeNi
HEA and pure metals are shown in Fig. 15g-1. It is worth noting that many atom
pileups are produced in front of tip during the scratching process of AICrCuFeNi
HEA, which can be ascribed to the good stability of HEA at high temperature [73].
Thereby, the material separation in scratching chip is prevented despite an amount of
scratching heat. In addition, it can be seen in Fig. 15g-1 that great quantities of atom
pileups are obviously observed on both sides of groove in the pure metals. Since the
mechanical properties of scratched materials affect the shape and size of groove, the
atoms in the surface of soft Al workpiece can be easily peeled off and pile up on both
sides of the groove (Fig. 15g-1).

The subsurface damaged structures are shown in Fig. 16 for the pure metal and
AICrCuFeNi HEA workpieces. The special region, including dislocation, void, SF,
and TB, is called as the subsurface damaged structure. When the tip scratches through
the HEA workpiece, the serious lattice distortion is induced by the scratching. As a
result, many voids are nucleated from the subsurface. Besides, it is seen from Fig. 16f
that lots of SFs appear in the AlICrCuFeNi HEA, which is owing to the low SFE of
HEA confirmed by the experiment and simulation [81]. Furthermore, since the more
slip systems are activated and dislocations slip along the {111} planes in AlICrFe-
CuNi HEA, severer plastic deformation and work hardening occur in AlCrFeCuNi
HEA workpiece [82] (Fig. 16). Thus, compared with the traditional crystal metals,
the AICrCuFeNi HEA has a better plasticity, which is consistent with the previous
experiments [3].

The non-uniform distributions in strain and strain rate along depth of the AlCr-
CuFeNi HEA workpiece are induced by the scratching process [83] (Fig. 17a), which
is also observed in Cu [84, 85]. With the increasing depth, the atomic strain decreases
quickly at the scratching distance of 16 nm (Fig. 17b). The higher shear strain con-
centrates in the subsurface region; thus, the strain hardening varies along the depth
direction. The ductility of HEA material is enhanced remarkably by the intensive
slip bands, which is in good agreement with the planar-slip dislocation to control



Investigation into Plastic Deformation and Machining-Induced ... 43

o T T 22 em

Fig. 15 Variation of surface morphology at the scratching distances: 0 (a), 3 (b), 6 (¢), 9 (d), 12
(e), and 15 nm (f). Variation of surface morphology for different materials: Al (g), Cr (h), Cu (D),
Fe (j), Ni (k), and AlICrCuFeNi (1). Reproduced from [26] with permission

@ ®) _©

Fig. 16 Variation of subsurface damaged structure: Al (a), Cr (b), Cu (c¢), Fe (d), Ni (e), and
AlCrCuFeNi HEA (f). FCC atoms are excluded for a clearer visualization of damaged structures.
Reproduced from [26] with permission

the plastic deformation [3]. Figure 17c shows the displacement localization, and the
overlapping zigzag shape is formed by the nonlinearly move of atoms in AICrCuFeNi
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Fig. 17 Schematic illustration of strain and strain rate distributions along depth in the scratched
workpiece (a). The cross-sectional views of distribution of shear strain (b), atomic displacement
(c), and atomic vector (d) at scratching distance of 16 nm. Reproduced from [26] with permission

HEA. Hence, the dislocation slipping relies on the atomic displacement. The atomic
vector presents that the atom motion path is twisted in the material removing region,
and the atoms move toward the scratched surface. The phenomenon is against with
the conventional machining view that all atoms except the chip atoms move away
from the scratched surface owing to the compressive stress induced by the scratching.
It may be explained by the fact that the severer atomic lattice distortion produces the
strong stress to promote the atom motion in the AICrCuFeNi HEA (Fig. 17d).

The atomic structure of two crystal cells subjected to the scratching is shown
in Fig. 18a, b. As a result, the initial atomic structure including two perfect crystal
cells has severe lattice distortion owing to the significant difference of atomic size
[86, 87] between Al and other four kind elements [26] (Fig. 18a). The variation of
atomic structure after the scratching process is demonstrated in Fig. 18b, indicating
the occurrence of serious lattice deformation due to the plastic deformation induced
by the scratching process.

Here, the critical twinning stress from scratching 7, can be expressed as [88]

Tp = 20 by /A + yst/bp (14)
where « is a constant, 4 is the shear modulus, b, is the partial Burgers vector,

and A is the twin thickness between adjacent TB, and yy is the SFE. In Fig. 18c,
the average twinning thickness is 0.62 nm. On the basis of results [26, 78, 88], the
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Fig. 18 Schematic illustration of two crystal cells before (a) and after (b) scratching in AlCr-
CuFeNi HEA. Deformation twinning at scratching distance 16 nm (c, d). Reproduced from [26]
with permission

critical twinning stress is approximately 14.6 GPa for the deformation twinning. As a
matter of fact, the local stress fields originating from the Suzuki interaction and lattice
distortion would significantly reduce the critical twinning stress for the deformation
twinning. Currently, the deformation twinning occurred in CrMnFeCoNi HEA is
a typical {111} twinning structure. It is conducive to the damage tolerance due to
that the formation of deformation twinning can consume more energy to obtain a
more stable structure compared with the dislocation slipping. Moreover, TBs can
strongly reduce the mobility of dislocation and lead to the dislocation pileup along
TBs to strengthen HEA. It is very according to the experiments in CoNiFeCrAly ¢ Tip 4
containing nanoscale twins [86].

The dislocation substructures are observed with increase of scratching distance
(Fig. 19), indicating that the interaction between dislocations is still one part of the
significant contribution for the work hardening in the AICrCuFeNi HEA. As a result,
dislocation numbers increase rapidly at the scratching distance range from 0 to 3 nm,
but decrease gradually at the scratching distance of 6-15 nm. It demonstrates that the
number of dislocation is significantly dependent upon the scratching distance. Once
the stress induced by the scratching exceeds the critical stress, the dislocations begin
nucleating and emitting from the {111} slip planes to release the high stress below
the tool. As the tool continues to go forward, the original dislocations meet with the
emitted dislocations and then interact with each other. Shockley partial dislocations
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Fig. 19 Dislocation substructure of AICrCuFeNi at the scratching distance: 0 nm (a), 3 nm (b),
6 nm (c), 9 nm (d), 12 nm (e), and 15 nm (f). Reproduced from [26] with permission

are accumulated underneath the tool, and move through the entire substrate of AlCr-
CuFeNi HEA. As scratching distance increases, the large dislocation cluster could
disappear gradually owing to the TB presence to reduce the dislocation mean free
path.

The evolution of different kind dislocations in AICrCuFeNi HEA is shown in
Fig. 19a—f. It is well established that the ductility of the metal materials decides on
the capacity of dislocation motion, and the dislocation motion difficulty in metal
materials leads to the high strength [26]. Many Shockley partial dislocations are
observed in pure Cu and AICrCuFeNi HEA, in good agreement with the previous
data [81]. In addition, the dislocations act as the effective obstacles to hinder the
motion of other dislocations, forming the complex dislocation nets which would
result in the work hardening in HEA workpiece (Fig. 19). After the scratching, the
dislocation density of AICrCuFeNi HEA is 1.1 x 10'7 m~2, that of Cr is 7.04 x
10'% m~2, that of Al is 1.28 x 107 m~2, that of Cu is 1.49 x 107 m~2, that of
Fe is 9.7 x 10'® m~2, and that of Ni is 9.5 x 10'® m~2. Compared with the pure
metals of Cr, Fe, and Ni, AICrCuFeNi HEA has the higher dislocation density. It
results in not only a strong work hardening owing to the interaction of dislocation
and solute atom, but also a good plasticity owing to many dislocations nucleated
from the activated slip systems. Hence, dislocation still plays a critical role in the
deformation and strengthening in AICrCuFeNi HEA. Compared with the pure metals
such as Ni, Fe, and Cr, the massive Hirth dislocations and stair-rod dislocations as
well as the formation of Lomer—Cottrel lock enhance the strength of AICrCuFeNi
HEA. The dislocation contribution to the strain hardening is evaluated in terms of the
dislocation mean free path approach [80]. In addition, the serious lattice distortion
would activate more slipping systems, due to hindering the dislocation movement.

The number of dislocation substructure is shown in Fig. 20. A large number of
Shockley partial dislocations occur in the HEA and pure metal. Compared to pure
metals, the quantity of perfect dislocation in HEA is minimal due to the low SFE of
HEA. A comparison of the HEA and pure metals shows there is no obvious difference
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Fig. 20 Number of various type dislocation substructures in Al, Cr, Cu, Fe, Ni, and AICrCuFeNi
HEA after scratching. Reproduced from [26] with permission

in the number of other type dislocation substructure. The dislocation substructure
domains the plastic deformation behavior below the tip, depending on the low SFE
effect on the evolution of microstructure during the scratching process.

5 Conclusions

In this chapter, we present the atomistic modeling of the plastic deformation and
subsurface damage during the uniaxial deformation, indentation, and scratching of
HEAs. The main results are summarized as follows.

We have studied the mechanical behaviors of AICrFeCuNi HEA under uniaxial
tensile loading. The elastic properties and stress—strain relations from MD simu-
lations are in excellent agreement with recent experimental results. Above all, the
AICrFeCuNi; 4 HEA not only has high strength, but also exhibits good plasticity,
qualitatively consistent with the experiment. Similar to the mechanical properties of
single-crystal metals, stress fluctuation during plastic deformation of HEA is always
accompanied with the generation and motion of dislocation and SF with the increase
of strain. In addition, the dislocation—dislocation interaction, dislocation—solid solu-
tion interaction, deformation twinning and detwinning occur after the yield point.
Furthermore, the dislocation gliding, dislocation pinning due to the severe lattice
distortion and solid solution, and twinning are still the main mechanisms of plas-
tic deformation in the AlCrFeCuNi;4 HEA. The kinetics of strain-induced phase
transformation from FCC— BCC in nanocrystalline HEA are investigated by MD
simulations. Interestingly, owing to the structural dissipation and strain relaxation
by the volume expansion, the phase transformation agreeing with N—W relationship
could convert the stress state from tensile to compressive in single-crystal HEA. This
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atomistic mechanism provides a fundamental understanding of plastic deformation
in HEA.

We have studied the subsurface damage of indentation in HE-BMG and scratching
in FeCrCuAINi HEA. By the distribution of atomic strain, the occurrence of defor-
mation localization origins the initial points in the loosely packed region, and the
strain contours give the degrees of plastic anisotropy. The symmetrical distribution
of atomic displacement reveals isotropic behavior of HE-BMG after the indentation.
The severe distortion reduces the activation energy of shear deformation, resulting in
the brittle to ductile transition observed by the whole sliding of the local atom group.
The fluctuation of the first RDF peak is dependent upon the addition of Al element,
which is much stronger than other elements. In the scratched AICrCuFeNi HEA, the
larger tangential and normal forces and higher friction coefficient take place in AICr-
CuFeNi HEA due to its outstanding strength and hardness, and high adhesion and
fracture toughness over the pure metals. Moreover, SFE in HEA increases the prob-
ability to initiate dislocation and twinning, which is conducive to the formation of
complex deformation modes. Compared to the pure metals, the segregation potency
of solutes into TB is raised due to the decreasing segregation energy of TB, resulting
in the stronger solute effects on improving twinning properties for HEA. The higher
dislocation density and the more activated slipping planes lead to the outstanding
plasticity of AICrCuFeNi HEA. The solute atoms as barriers to hinder the motion of
dislocation and the severe lattice distortion to suppress the free slipping of dislocation
are significantly stronger obstacles to strengthen HEA. This work provides a basis
for further understanding and tailoring SFE in mechanical properties and deforma-
tion mechanism of HEA, which maybe facilitate the design and preparation of new
HEA with high performance. Further, this effective strategy is used to accelerate the
discovery of excellent mechanical properties of HEA.

To obtain the best comprehensive performance (including strength, ductility, hard-
ness and wear resistance) in HEA, in future we should generate large amounts of
data using high-throughput experiment and simulation, and then build the microstruc-
ture—property database, finally predict the performance of HEA based on machine
learning. Under the condition of less and even free experiment and simulation, the
ultimate goal realizes to accurately predict the properties of new HEA system through
machine learning combined with the design—process—microstructure—property—ap-
plication database.
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Investigation into the Realization )
of a Single Atomic Layer Removal L
in Nanoscale Mechanical Machining

of Single Crystalline Copper

Pengzhe Zhu and Jianyong Li

Abstract Itis widely believed that the minimum depth of material removal of single
crystalline workpieces is one single atomic layer in nanoscale mechanical machining.
However, direct evidence for this is still lacking. In this work, the minimum depth
of material removal of single crystalline copper in nanoscale mechanical machin-
ing is investigated through nanoscratching using molecular dynamics simulations.
We demonstrate that the minimum depth of material removal of copper workpiece
can achieve a single atomic layer under certain machining conditions in nanoscale
machining process. It is found that the minimum depth of material removal is closely
associated with the crystal orientation and scratching direction of copper workpiece.
Our results also demonstrate that even when the depth of material removal is a single
atomic layer of copper workpiece under certain machining conditions, the workpiece
material is not removed in a layer-by-layer fashion, which rejects the hypothesis that
single crystalline metal materials can be continuously and stably removed one layer
of atoms after another in nanoscale mechanical machining. These understandings
not only shed light on the material removal mechanism in nanoscale mechanical
machining but also provide insights into the control and optimization of nanoscale
machining process.

1 Introduction

In the last two decades, miniaturization toward nanoscale has been the trend of tech-
nological development in a variety of industries such as mechanical, optical, and
electronic applications. The ever-increasing demand for devices and systems with
nanoscale size and/or nanoscale accuracy [such as microelectromechanical systems
(MEMS) and nanoelectromechanical systems (NEMS)] has motivated the develop-
ment of nanoscale manufacturing technologies [1-3]. Among the nanoscale manu-
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facturing technologies, nanoscale mechanical machining processes such as cutting,
grinding, and tip-based nanomanufacturing have been attracting much attention since
they can machine a wide range of materials and produce three-dimensional complex
nanoscale devices with high accuracy controllably and stably [4—6]. However, as the
nanoscale mechanical machining involves only the removal of a few atoms or layers
of atoms, the nanoscale material removal mechanisms cannot be accurately described
by the conventional macroscale machining theory based on continuum mechanics
due to the discrete nature of materials at the nanoscale [7-10]. At this stage, the mate-
rial removal mechanisms in the nanoscale mechanical machining processes are still
not fully understood. Many researchers assume that the nanoscale material removal
takes places via chip formation as in macrosale machining process [4, 5]. However,
Komanduri et al. demonstrated that most of the material removal in the nanoscale
machining process occurs by plowing instead of chip formation in front of the tool as
in macroscale and microscale machining [10]. In addition, Fang et al. proposed a new
cutting model that material removal in the nanoscale machining process is based on
extrusion rather than shearing in macroscale cutting process [7, 8]. In a word, owing
to the complexity of nanoscale machining process, there are still many fundamen-
tal questions concerning the material removal that need to be urgently addressed.
One of the most important questions is: What is the limit of nanoscale mechanical
machining? That is, what is the minimum depth of material removal in nanoscale
mechanical machining? The minimum depth of material removal can be defined as
the minimum depth above which the workpiece atoms can be removed stably from
the workpiece surface under perfect machining conditions. As the minimum depth
of material removal is a measure of the extreme accuracy achievable in nanoscale
machining, the investigation of the limit of nanoscale mechanical machining can not
only contribute to the understanding of nanoscale material removal mechanisms, but
also offer insights into the control and optimization of nanoscale machining process
[4, 11, 12].

However, despite its importance, little attention has been paid to the study of the
minimum depth of material removal in nanoscale machining process, although many
researchers have been focusing on the investigation of minimum depth (thickness) of
cut under which no stable chip formation in front of the tool would occur in microscale
machining during the past decades [13—17]. A pioneering study employing molecular
dynamics (MD) simulations and experiments by Shimada et al. showed that the
minimum thickness of cut is about 1 nm [11, 12]. It is obvious that the minimum
depth of material removal could be expected to be less than 1 nm. Another significant
study using MD simulations found that the minimum wear depth of Cu(111) surface
is equal to the critical indentation depth (0.65-0.87 nm) associated with the first force
drop in the force—depth curve of nanoindentation [18]. However, the friction model
ignores atomic-scale surface roughness of probe produced by discrete atoms and
adhesion interaction between the probe and Cu(111) surface [18], both of which have
considerable effect on contact area and stress distribution in the nanoscale contact
and should be taken into consideration [19-22]. Another inspiring simulation work
presented a monoatomic layer removal mechanism in chemical mechanical polishing
(CMP) by modeling the nanoscratching process of single crystalline silicon using
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a spherical silica tool [23]. It is assumed that in CMP process the material was
removed one atomic layer after another. But in their work, the material removal
is neither continuous nor stable. In fact, it is very natural to hypothesize that the
minimum depth of material removal is one atomic layer of workpiece for single
crystalline materials such as copper and silicon. The demonstration of atom-by-
atom manipulation [24-26] and recently proposed atom-by-atom wear mechanism
[27-29] make this hypothesis even more convincing. However, so far, although a
great many experiments and simulations have been widely carried out to investigate
the nanoscale machining mechanisms [4—-6, 30-38], a study verifying the hypothesis
that the minimum depth of material removal is one single atomic layer of workpiece
in nanoscale mechanical machining process is still lacking. Furthermore, the view
that single crystalline metal materials can be continuously and stably removed one
layer of atoms after another in nanoscale mechanical machining has never been
demonstrated.

This work intends to fill this gap. As it is rather difficult to directly observe the
nanoscale machining process by in situ experiments with atomic-scale resolution,
MD simulation that can capture atomic details provides a powerful tool to gain deeper
insights into the minimum depth of material removal and fundamental machining
mechanisms of nanoscale machining process. Therefore, in this study, MD simula-
tions of the nanoscratching process of single crystalline copper using diamond tool
are performed to explore the minimum depth of material removal in the nanoscale
machining process. Copper is chosen as the workpiece since it is a common and typ-
ical metal and has numerous applications in various fields such as integrated circuits,
MEMS, and NEMS [39, 40]. In this work, we demonstrate that the minimum depth
of material removal of copper workpiece can achieve a single atomic layer under
certain machining conditions in nanoscale machining process, but the workpiece
material is not removed in a layer-by-layer fashion. Our results reject the hypothesis
that single crystalline metal materials can be continuously and stably removed one
layer of atoms after another in nanoscale mechanical machining.

2 Simulation Models and Methods

In this study, we use MD simulations to investigate the nanoscratching process of
single crystalline copper. The MD simulations are conducted using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) [41]. The simulation
model consists of a hemispherical rigid diamond tool and a single crystalline copper
workpiece (see Fig. 1). Since single crystalline copper exhibits significant anisotropic
effects in deformation behavior under nanoindentation [42] and nanomachining [9,
43], we performed MD simulations of nanoscratching on three different surfaces of
Cu(001), (110), and (111) planes. For Cu(001) surface, the coordinate systems are
taken as x-[100], y-[010], and z-[001] and the size of workpiece is 21.69 x 14.46 x

2.89 nm?>. For Cu(110) surface, the coordinate systems are taken as x-[001], y-[lIO],
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and z-[110] and the size is 21.69 x 14.57 x 2.81 nm>. And for Cu(111) surface, the

coordinate systems are taken as x-[110], y-[112], and z-[111] and the size is 21.73 x
14.61 x 2.92 nm>.

The Cu workpiece is composed of three kinds of atoms: boundary atoms, ther-
mostat atoms, and Newtonian atoms, as shown in Fig. 1. The two layers of atoms at
the bottom of the workpiece are kept fixed in space as boundary atoms to prevent the
workpiece from translating during the nanoscratching process. The next four layers
of atoms adjacent to the boundary atoms are thermostat atoms which are kept at a
constant temperature of 300 K by the velocity scaling method [44] to mimic the heat
dissipation in real machining process. The remaining workpiece atoms are Newto-
nian atoms that are free of constraints and move freely according to the interatomic
forces. The equations of motion are integrated with a velocity Verlet algorithm with a
time step of 1 fs. Periodic boundary conditions are imposed in the x and y directions.

Interatomic forces within Cu are derived from an embedded atom method (EAM)
potential [45]. The EAM potential has been very successful in modeling the elastic
properties, defect formation energies, and fracture mechanisms of various metals [45,
46]. It has also been successfully applied to describe the surface properties of metals
such as surface energies and surface reconstructions [45—48]. As the tool is treated
as a rigid body, the interactions between tool atoms are ignored. The interaction
between Cu and tool is modeled by the widely used Morse potential [44]:

V(r) — D(e—Za(r—ro) _ ze—a(r—ro)) (1)

where V(r) is a pair potential energy function; D is the cohesion energy; « is the
elastic modulus; r and r( are the instantaneous and equilibrium distance between two
atoms, respectively. The cutoff radius of the Morse potential is chosen as 9.0 A, which
ensures that the calculations will not consume large amounts of computational time
calculating the forces that are near zero. The standard Morse potential parameters
[35-38, 49] are given as D=D*=0.087 eV, « =5.14 A=, and ry=2.05 A. It should
be noted that the interaction strength of material bonds generally increases with the
increase of cohesion energy D [50, 51]. It is well-known that adhesion plays an
essential role in nanoscale machining process. Hence, in order to examine the effects
of adhesion between tool and workpiece on the minimum depth of material removal,
we also performed MD simulations of nanoscratching for different values of D [50,
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51]. If not noted, we adopt the standard Morse potential parameters for the interaction
between Cu and tool (standard adhesion).

In the simulations, hemispherical rigid diamond tools with 3.0, 4.0, and 5.0 nm
radius created from perfect diamond atomic lattices are initially positioned above
the single crystal copper workpiece surface. After the system is fully relaxed, the
tool moves downwards to the Cu workpiece with a constant velocity until a desired
scratching depth and then slides on the surface along the negative x direction with
a constant scratching velocity. It should be pointed out that the indentation and
scratching velocities reported in the references are on the order of 1-200 m/s for
most MD simulations to save computational cost [32-38, 49, 52]. If not noted, the
indentation velocity and scratching velocity are 100 m/s in this work. It should be
mentioned that the indentation and scratching velocities in the simulations are very
high due to the small time step (femtosecond) used in MD simulation to capture
atomic motion. In real applications, a typical cutting velocity is in the range of
1-10 m/s for nanoscale cutting process [32] and up to 50 m/s for grinding [53]. The
maximum cutting speed in ultra-high-speed grinding exceeds 250 m/s already [53].
However, a typical velocity in the AFM-based scratching process is only in the range
of nm/s to pm/s [54]. To study the effect of velocity, we have modeled the machining
process for different scratching velocities of 20, 50, 100, and 200 m/s. It is obvious
that the velocities in the simulations are comparable to the operating conditions in
some cutting and grinding experiments. However, it is not the case for the AFM-
based scratching process. Until now, bridging the gap in velocities between MD and
AFM experiments still remains a big challenge. But it has been demonstrated that
although the velocity in MD simulations exceeds the AFM experimental velocity by
several orders of magnitude, the MD simulations can still produce consistent results
with the experiments and the model predictions are still meaningful [54, 55].

The scratching depth % is defined as the distance from the top surface of the
workpiece to the bottom of the tool along z direction. If the bottom of the tool is
above the top surface of workpiece, the scratching depth is negative. In this case,
the material removal of workpiece may still occur due to the attractive interaction
between tool and workpiece.

3 Effect of Machining Parameters on Material Removal
Process

We first model the sliding process of a hemispherical diamond tool with a radius
of 4 nm over a Cu(001) surface. Figure 2 shows the material removal behavior of a
Cu(001) workpiece for several typical scratching depths at the scratching velocity
of 100 m/s. It should be noted that the discussions presented here are based not only
on the MD simulation snapshots, but also on the observation of the animations of
the scratching process. In order to identify the machining conditions under which
a single atomic layer removal of workpiece can be realized, we also quantitatively
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Fig. 2 Deformation behavior of a Cu(001) workpiece for scratching depths of a —0.18 nm, b
—0.08 nm, and ¢ 0 nm at the scratching distance of 8 nm. Atoms are colored according to their
heights in z direction

analyze the variation of the number of atomic layers removed with the simulation
parameters, as shown in Table 1. During the scratching process, some workpiece
atoms are removed and piled up in front of and on both sides of the tool. In the real
machining process, the removed material may be taken away by the cutting fluids [56]
or further removed through successive machining by cross-feed of the tool relative
to the workpiece [10]. When the scratching depth is small (h=—0.18 nm), part of the
topmost atomic layer of workpiece along the scratch path is not removed and material
removal also occurs in the second topmost atomic layer of workpiece (see Fig. 2a
and Table 1). For a bigger scratching depth (A=—0.08 nm), the material removal
also involves the two topmost atomic layers of workpiece. However, the topmost
atomic layer along the scratch path has been completely removed, and more atoms
in the second topmost atomic layer of workpiece are removed (see Fig. 2b). As the
scratching depth increases to 0 nm, more atoms in the second topmost atomic layer of
workpiece are removed and the material removal expands to the third topmost atomic
layer (see Fig. 2¢). It is obvious that a continuous and stable monolayer removal of
a Cu(001) workpiece cannot be realized just by changing the scratching depth.

The scratching forces for different scratching depths during the scratching process
of a Cu(001) workpiece are shown in Fig. 3. The scratching forces are obtained by
summing the atomic forces of workpiece atoms on tool atoms. The fluctuation of
forces during the scratching process is mainly due to the thermal motion of workpiece
atoms and the formation and movement of dislocations in the workpiece which leads
to the release of the accumulated strain energy and causes the temporary drop of
the friction force and normal force [9, 35]. It can be seen from Fig. 3 that for the
scratching depth of —0.18 nm, the friction force is bigger than the normal force.
However, the normal force increases much more rapidly than the friction force as the
scratching depth increases from —0.18 to 0 nm. Therefore, the friction coefficient
decreases from larger than 1.0 (1.25) to smaller than 1.0 (0.49). It is interesting to
point out that for the scratching depth of —0.18 nm, at the initial stage of scratching,
the normal force is negative (attractive interaction). A comparison of Figs. 2a and 3a
shows that the attractive interaction between the tool and workpiece can also cause
material removal. With the accumulation of removed workpiece atoms in front of
the tool during the scratching process, the normal force becomes positive. As much
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Table 1 Variation of the number of atomic layers removed with the simulation parameters

Tool radius (nm) | Scratching depth | Scratching Interaction Number of layers
(nm) velocity (m/s) strength (D/D*) | removed (n)

4 —0.18 100 1 O<n<2

4 —0.08 100 1 I<n<2

4 0 100 1 l<n<3

4 —0.18 20 1 O<n<2

4 —0.18 50 1 O<n<2

4 —0.18 200 1 O<n<2

3 -0.13 100 1 O<n<2

5 —0.21 100 1 O<n<3

4 0 100 2 I<n<3

4 0 100 0.5 I<n<2

4 0 100 0.1 n=1

Here, “O<n < 2(3)” means the material removal involves two (three) topmost atomic layers of
workpiece, but each of the two (three) atomic layers along the scratch path is not completely
removed. “1 <n < 2(3)” implies that the topmost atomic layer of the workpiece along the scratch
path is completely removed, and the second topmost (and the third) atomic layer(s) along the scratch
path is (are) not completely removed

work has been carried out to investigate such effects as scratching depth, scratching
velocity, tool size, and crystal orientation on the scratching forces [9, 10, 18, 35],
the variation of scratching forces during the scratching process will not be the main
focus of this work.

Next, we investigate the basic factors that play an important role in the material
removal process and check whether a single atomic layer removal can be realized by
varying the machining conditions. We study the deformation behavior of a Cu(001)
workpiece for different scratching velocities of 20, 50, and 200 m/s (see the case
with a scratching depth of —0.18 nm in Fig. 4 and Table 1). It is observed that
while the topmost atomic layer of workpiece along the scratch path is not com-
pletely removed, a small number of atoms in the second topmost atomic layer of
workpiece are inevitably removed for all cases, which indicates that a single atomic
layer removal cannot be realized just by changing the scratching velocity.

We further explore the effect of tool size on the possibility of realization of a
single atomic layer removal in the scratching process. It is found that whether the
tool radius is bigger or smaller, the topmost atomic layer of workpiece along the
scratch path is not completely removed while a small number of atoms in the second
topmost atomic layer of workpiece are inevitably removed during the scratching
process (see Fig. 5). For the tool radius of 5 nm, the material removal also occurs in
the third topmost atomic layer of workpiece (see Fig. Sa and Table 1). This shows
that a single atomic layer removal in the scratching process cannot be realized just
by changing the tool size.

As adhesion between the tool and workpiece plays a crucial role in the material
removal process [50, 51], it is natural to expect that changing adhesion interaction
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Fig. 3 Force—distance curves with scratching depths of a —0.18 nm, b —0.08 nm, and ¢ 0 nm for a
Cu(001) workpiece. The average forces calculated for the scratching distance from 2 to 8 nm where
scratching is in a steady state and corresponding friction coefficients are shown in (d)

(a) (b) (c)

Fig. 4 Deformation behavior of a Cu(001) workpiece for scratching velocity of a 20 m/s, b 50 m/s,
and ¢ 200 m/s at the scratching depth of —0.18 nm and scratching distance of 8 nm. The radius of
tool is 4 nm. Atoms are colored according to their heights in z direction

between the tool and workpiece may provide a possible new approach to realizing a
single atomic layer removal in scratching process. Hence, we performed MD simu-
lations of nanoscratching process for different values of cohesion energy D between
the tool and workpiece. It should be noted that smaller cohesive energy D corre-
sponds to weaker adhesion interaction between tool and workpiece [50, 51]. We take
the case with a scratching depth of 0 nm as an example (see Fig. 6). For a relatively
strong adhesion (D =2D¥*), material removal occurs in the three topmost atomic
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Fig. 5 Deformation behavior of a Cu(001) workpiece. a The radius of tool is 5 nm, and scratching
depth is —0.21 nm. b The radius of tool is 3 nm, and scratching depth is —0.13 nm. Atoms are
colored according to their heights in z direction

layers of the workpiece (see Fig. 6a and Table 1), while for an intermediate adhe-
sion (D =0.5D%*), material removal takes place in the two topmost atomic layers of
workpiece (see Fig. 6b). It is of interest to find that for a weak adhesion between tool
and workpiece (D =0.1D%*), the material removal depth is only a single atomic layer
of workpiece (see Fig. 6¢). Furthermore, a perfectly ordered crystalline surface is
observed behind the tool in the machined groove along the scratch path, and material
removal behavior is continuous and stable (Fig. 6¢). This shows that the limit of
nanoscale mechanical machining is a single atomic layer of workpiece. The results
suggest that reduction in adhesion between tool and workpiece plays a critical role
in the realization of a single atomic layer removal of workpiece, which is consistent
with the finding that a weaker adhesion will result in less subsurface deformation and
damage (wear) [51, 57, 58]. In practice, the adhesion interaction between the tool and
workpiece can be changed by proper lubrication [50, 51], adopting the widely used
monolayer lubricants such as self-assembled monolayer films to provide boundary
lubrication (in cases where use of liquid lubricants is contraindicated under nanocon-
finement) [22] or adsorption of gas molecules on the workpiece and tool surfaces
from environment [59, 60].

The results above clearly show that the scratching velocity and tool size have little
effect on the realization of a single atomic layer material removal in the nanoscale
machining process, while reduction in adhesion between the tool and workpiece
plays an important role. This finding sheds light on the control and optimization of
nanoscale machining process.
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Fig. 6 Deformation behavior of a Cu(001) workpiece for different adhesion interaction strength
between tool and workpiece. a D =2D%*, b D =0.5D*, and ¢ D =0.1D*. The radius of tool is 4 nm.
The scratching depth is 0 nm, and scratching velocity is 100 m/s. Atoms are colored according to
their heights in z direction

In order to gain more insights into the observed single atomic layer material
removal for a weak adhesion between tool and workpiece, we further investigate the
nanosratching process for different scratching depths under the condition of a weak
adhesion (see Fig. 7a—e). For a small scratching depth (h=—0.08 nm), the material
removal involves only the topmost atomic layer of workpiece along the scratch path,
but the material removal process is neither continuous nor stable (see Fig. 7a). When
the scratching depth is relatively bigger (h=—0.02 and 0 nm), the material removal
depth is only a single atomic layer of workpiece, and a perfectly ordered crystalline
surface is observed in the machined groove along the scratch path (see Fig. 7b, c).
When the scratching depth further increases and the tool penetrates slightly into the
workpiece (A=0.02 and 0.1 nm), the material removal involves two topmost atomic
layers of workpiece along the scratch path (see Fig. 7d, e). It is reasonable to expect
that more atoms are removed for a bigger scratching depth.

However, it is still unknown whether the machined workpiece surface formed by
a single atomic layer removal mechanism persists after retraction and relaxation.
To address this issue, we remove the tool from the workpiece at a scratching dis-
tance of 8 nm and then fully relax the positions of workpiece atoms. We take the
case with a scratching depth of 0 nm for an example (see Fig. 7f). It can be seen
that the machined workpiece surface persists after retraction and relaxation, which
validates the speculation that the minimum depth of material removal can achieve a
single atomic layer of workpiece under perfect machining conditions in nanoscale
mechanical machining process. But unfortunately, it is still unclear whether material
removal occurs only in the topmost atomic layer of workpiece or not in Fig. 7b, c.
To investigate this problem, the atoms of workpiece after nanoscratching are colored
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(a) (b)

Fig. 7 Deformation behavior of a Cu(001) workpiece at scratching depths of a —0.08 nm, b
—0.02 nm, ¢ 0.0 nm, d 0.02 nm, and e 0.1 nm for a weak adhesion between tool and workpiece (D
=0.1D%*) at the scratching distance of 8 nm. The atomic configuration of workpiece after retraction
and relaxation with a scratching depth of 0 nm is shown in (f). The radius of tool is 4 nm. Atoms
are colored according to their heights in z direction

in different atomic layers of initial configuration as shown in Fig. 8. Moreover, we
quantitatively summarize the number of atoms that move between the three topmost
atomic layers of initial configuration after nanoscratching; see Table 2. A comparison
of Figs. 7b, c, 8 and Table 2 shows that after the scratching process, nine atoms in
the second topmost (second) layer of the Cu(001) workpiece are removed and some
atoms (43 and 40 atoms for scratching depth of —0.02 and 0 nm, respectively) are
displaced and incorporated into the initially topmost (first) atomic layer along the
scratch path. At the same time, some atoms (81 and 74 atoms for the scratching
depth of —0.02 and 0 nm, respectively) in the initially topmost layer of workpiece
are also displaced and incorporated into the second topmost layer of the Cu(001)
workpiece along the scratch path. In addition, some atoms (12 and 14 atoms for
scratching depth of —0.02 nm and O nm, respectively) in the third topmost (third)
atomic layer are also displaced and incorporated into the second topmost layer of the
Cu(001) workpiece along the scratch path. Specifically for the scratching depth of
—0.02 nm, one atom in the third topmost (third) atomic layer is even displaced and
incorporated into the topmost layer of the Cu(001) workpiece. It should be pointed
out that some atoms in the second topmost layer of Cu(001) workpiece are inevitably
displaced and implanted into the third topmost layer during the scratching process
for the scratching depth of —0.02 and O nm. It is interesting that a perfectly ordered
crystalline surface is formed in the machined groove along the scratch path. It can be
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Fig. 8 Deformation behavior of a Cu(001) workpiece for a weak adhesion between tool and work-
piece(D =0.1D*) at the scratching depths of a —0.02 nm and b 0.0 nm with a scratching distance
of 8 nm. The radius of tool is 4 nm. The atoms are colored in different atomic layers of initial
configuration. The light blue atoms, green atoms, red atoms, and yellow atoms represent the top-
most (first) layer, the second topmost (second) layer, the third topmost (third) layer, and the fourth
topmost layer of atoms in the initial configuration of workpiece, respectively

Table 2 Number of atoms that move between the three topmost atomic layers of initial configura-
tion of Cu(001) workpiece after nanosratching

Scratching From first Removed in | From second | From third From third

depth (nm) layer to second layer |layer to first | layer to layer to first
second layer layer second layer | layer

—0.02 81 9 43 12 1

0 74 9 40 14 0

found that though the topmost (single) atomic layer of the Cu(001) workpiece along
the scratch path appears to be completely removed under certain conditions (Fig. 7b,
¢), the material removal actually involves two topmost atomic layers of workpiece
(Fig. 8 and Table 2). Furthermore, some atoms in the initially topmost layer of work-
piece are inevitably displaced and implanted into the second topmost atomic layer
of workpiece along the scratch path. Therefore, even though the minimum depth of
material removal can achieve a single atomic layer of the Cu(001) workpiece under
certain conditions in nanoscale mechanical machining process, the workpiece is not
removed in a layer-by-layer fashion. This rejects the prevailing hypothesis that sin-
gle crystalline metal materials can be continuously and stably removed one layer of
atoms after another in nanoscale mechanical machining.



Investigation into the Realization of a Single Atomic Layer ... 65

|32
l

Fig. 9 Deformation behavior of a Cu(001) workpiece for a weak adhesion between tool and work-
piece (D =0.1D%¥) at a scratching depth of 0 nm with a scratching distance of 8 nm. The radius of
tool is 4 nm. Atoms are colored according to their CSP values

4 Effect of Crystal Orientation and Scratching Direction
on the Material Removal Process

The material removal behaviors of workpiece are closely related to the deformation
mechanism of workpiece. To further investigate the deformation mechanism of the
workpiece, we clarify the defect structures of workpiece during the scratching process
using the centrosymmetry parameter (CSP) [61]. Figure 9 shows the typical defect
structures of workpiece for a weak adhesion between tool and workpiece (D=0.1D%*).
Atoms are colored according to their CSP values. Note that the atoms inside the
workpiece with CSP smaller than 3 are removed as they are assumed to be in perfect
face-centered cubic configuration including elastic deformation [9, 62]. Red arrow
is used to outstanding dislocations. Plastic deformation takes place in the workpiece
as dislocations (or dislocation embryos) are generated within the workpiece in the
scratching process.

The fact that single crystalline copper exhibits significant anisotropic effects dur-
ing nanoindentation [42] and nanoscratching [9, 43] encourages us to further study the
effect of crystal orientation and scratching direction on the material removal behav-
iors of workpiece in the scratching process. We carried out MD simulations for two

more combinations of crystal orientation and scratching direction, i.e. (111)[110] and
(110)[001]. Figures 10 and 11 show the deformation behavior of the Cu(111) work-
piece. Table 3 presents the number of atoms that move between the three topmost
atomic layers of initial configuration of the Cu(111) workpiece after nanoscratching.
When the scratching depth is small (2= —0.12 nm or smaller), the workpiece under-
goes a pure elastic deformation and no material removal occurs (Figs. 10a and 11a).
When the scratching depth is bigger and in the range of —0.11 to 0 nm, the mini-
mum depth of material removal is a single atomic layer of workpiece and a perfectly
ordered crystalline surface is observed in the machined groove along the scratch
path (See Fig. 10b—e). When the scratching depth further increases and the tool pen-
etrates slightly into the workpiece (A=0.02 nm), the material removal involves two
topmost atomic layers of workpiece along the scratch path (see Fig. 10f). However,
similar to the case of Cu(001) surface, the finding that the minimum depth of mate-
rial removal is a single atomic layer of Cu(111) workpiece does not mean that the
material removal is in a layer-by-layer fashion (one layer of atoms after another). A
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Table 3 Number of atoms that move between the three topmost atomic layers of initial configura-

tion of Cu(111) workpiece after nanoscratching

Scratching From first Removed in | From second | From third From third
depth (nm) layer to second layer |layer to first | layer to layer to first
second layer layer second layer | layer

—0.11 11 0 11 0 0

—0.08 13 3 8 0 0

—0.03 30 6 26 0 0

0 38 4 35 2 0

0.02 57 36 63 4 0

comparison of Figs. 10b—e, 11b—e and Table 3 shows that during the scratching pro-
cess some atoms in the topmost (first) layer of the Cu(111) workpiece are inevitably
implanted into the second topmost (second) atomic layer and some atoms in the
second topmost layer of the Cu(111) workpiece are also displaced and incorporated
into the initially topmost layer along the scratch path. It can also be found that for
the scratching depths between —0.08 and 0.0 nm, some atoms in the second topmost
layer of the Cu(111) workpiece are removed as well along the scratch path although
the material removal only occurs in the topmost layer of Cu(111) workpiece for the
scratching depth of —0.11 nm (see Figs. 10c—e, 11c—e and Table 3). Specifically,
for the scratching depth of 0.0 nm, two atoms initially in the third topmost layer of
workpiece are incorporated into the second topmost layer of the Cu(111) workpiece
along the scratch path(see Figs. 10e, 11e and Table 3). With a bigger scratching
depth (2=0.02 nm), four atoms initially in the third topmost layer of workpiece are
incorporated into the second topmost layer and a great number of atoms (36 atoms)
originally in the second topmost layer of workpiece are removed along the scratch
path (see Figs. 10f, 11f and Table 3).

Figures 12 and 13 show the deformation behavior of the Cu(111) workpiece for a
weak adhesion between tool and workpiece (D=0.1D*). Table 4 shows the number
of atoms that move between the three topmost atomic layers of initial configuration
of Cu(111) workpiece after nanosratching for a weak adhesion between tool and
workpiece (D=0.1D%*). It can be found that when the scratching depth is small
(h=—0.08 nm), the workpiece undergoes a pure elastic deformation and no material
removal occurs (Figs. 12a and 13a). Compared with the situation for a standard
adhesion between tool and workpiece, when the scratching depth is in a wider range
of —0.03 to 0.12 nm, the minimum depth of material removal can achieve a single
atomic layer of the Cu(111) workpiece and a perfectly ordered crystalline surface can
be observed in the machined groove along the scratch path (see Fig. 12b—e). When
the scratching depth further increases to 0.15 nm, the material removal involves two
topmost atomic layers of workpiece along the scratch path (see Fig. 12f).

Similar to the situation for a standard adhesion, the material removal of the
Cu(111) workpiece is not in a layer-by-layer fashion either for a weak adhesion.
A comparison of Figs. 12b—e, 13b—e and Table 4 shows that during the scratch-
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Fig. 10 Deformation behavior of a Cu(111) workpiece at scratching depths of a —0.12 nm, b
—0.11 nm, ¢ —0.08 nm, d —0.03 nm, e 0 nm, and f 0.02 nm for a scratching distance of 8§ nm. The
radius of tool is 4 nm. Atoms are colored according to their heights in z direction

ing process some atoms in the topmost (first) layer of the Cu(111) workpiece are
inevitably implanted into the second topmost (second) atomic layer and some atoms
in the second topmost layer of the Cu(111) workpiece are also displaced and incor-
porated into the initially topmost layer along the scratch path. It can also be found
that for the scratching depths between 0.02 and 0.12 nm, some atoms in the second
topmost layer of the Cu(111) workpiece are removed as well along the scratch path
although the material removal only occurs in the topmost layer of Cu(111) work-
piece for the scratching depth of —0.03 nm (see Figs. 12c—e, 13c—e and Table 4).
Specifically, for the scratching depth of 0.12 nm, one atom (seven atoms) initially in
the third topmost layer of workpiece is (are) incorporated into the (second) topmost
layer of the Cu(111) workpiece along the scratch path. Besides, 2 atoms (25 atoms)
initially in the third topmost layer of workpiece are incorporated into the (second)
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(b)%

(d

Fig. 11 Deformation behavior of a Cu(111) workpiece at scratching depths of a —0.12 nm, b
—0.11 nm, ¢ —0.08 nm, d —0.03 nm, e 0 nm, and f 0.02 nm for a scratching distance of 8§ nm. The
radius of tool is 4 nm. The atoms are colored in different atomic layers of initial configuration. The
cyan atoms, green atoms, red atoms, and yellow atoms represent the topmost (first) layer, the second
topmost (second) layer, the third topmost (third) layer, and the fourth topmost layer of atoms in the
initial configuration of workpiece, respectively

topmost layer and many atoms (36 atoms) originally in the second topmost layer of
workpiece are removed along the scratch path (see Figs. 12f, 13f and Table 4).
Figure 14 shows the deformation behavior of the Cu(110) workpiece for a standard
adhesion (a—c) and a weak adhesion (d—f) between the tool and workpiece. We also
summarize the corresponding variation of the number of atomic layers removed
with the interaction strength and scratching depth, as shown in Table 5. It is found
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(b)
15A 3.8A
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3.8A 4.5A
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Fig. 12 Deformation behavior of a Cu(111) workpiece at scratching depths of a —0.08 nm, b
—0.03 nm, ¢ 0.02 nm, d 0.07 nm, e 0.12 nm, and f 0.15 nm for a weak adhesion between tool and
workpiece(D =0.1D%) with a scratching distance of 8 nm. The radius of tool is 4 nm. Atoms are
colored according to their heights in z direction

that whether for a standard adhesion or weak adhesion, when the scratching depth
is rather small (see Fig. 14a, d), though material removal only takes places in the
topmost atomic layer of the Cu(110) workpiece, the material removal is neither
continuous nor stable and part of the topmost atomic layer along the scratch path is
not removed. However, when the scratching depth increases, the material removal
involves two or three topmost atomic layers of workpiece along the scratch path
(see Fig. 14b, c, e, f and Table 5). Therefore, in contrast to the case with Cu(001)
and Cu(111) workpiece, a single atomic layer removal cannot be achieved for the
Cu(110) workpiece in nanoscale mechanical machining process.

So what is the underlying mechanism of the different deformation behaviors for
different crystal orientations and scratching directions of single crystal copper work-
piece? In fact, the crystal orientation and scratching direction dependence of material
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(b)

(d)

()

Fig. 13 Deformation behavior of a Cu(111) workpiece at scratching depths of a —0.08 nm, b
—0.03 nm, ¢ 0.02 nm, d 0.07 nm, e 0.12 nm, and f 0.15 nm for a weak adhesion between tool
and workpiece (D =0.1D*) with a scratching distance of 8 nm. The radius of tool is 4 nm. The
atoms are colored in different atomic layers of initial configuration. The cyan atoms, green atoms,
red atoms, and yellow atoms represent the topmost (first) layer, the second topmost (second) layer,
the third topmost (third) layer, and the fourth topmost layer of atoms in the initial configuration of
workpiece, respectively

removal behavior are due to the difference in the atomic structure of workpiece [43,
63]. Table 6 shows the atomic density (number of atoms per unit area) and the distance
between the planes with respect to the orientation of single crystal copper. Figure 15
shows the typical defect structures of the Cu(111) workpiece (a) and the Cu(110)
workpiece (b). It should be noted that both the atomic density and interplanar dis-
tance of copper, a face-centered cubic (FCC) crystal, are maximum for (111) planes
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Table 4 Number of atoms that move between the three topmost atomic layers of initial configu-
ration of Cu(111) workpiece after nanosratching for a weak adhesion between tool and workpiece
(D =0.1D*) with a scratching distance of 8 nm

Scratching From first Removed in | From second | From third From third

depth (nm) layer to second layer |layer to first | layer to layer to first
second layer layer second layer | layer

—0.03 15 0 12 0 0

0.02 23 2 17 0 0

0.07 44 6 27 0 0

0.12 74 16 37 7 1

0.15 65 36 65 25 2

L _ (b) i

344

ATA

@

-3TA

Fig. 14 Deformation behavior of a Cu(110) workpiece for a standard adhesion between tool and
workpiece at scratching depths of a —0.16 nm, b —0.08 nm, and ¢ 0.02 nm with a scratching
distance of 8 nm. Deformation behavior of Cu(110) workpiece for a weak adhesion between tool
and workpiece (D =0.1D*) at scratching depths of d —0.06 nm, e 0.0 nm, and f 0.07 nm with a
scratching distance of 8 nm. The radius of tool is 4 nm. Atoms are colored according to their heights
in z direction

and minimum for (110) planes. For FCC crystals, slip occurs on the densest planes
({111}) and along the close packed directions (<110>family). As a result, for the

(111)[110] combination, the dislocations will be generated and propagate parallel to
the scratching direction on the (111) planes in the scratching process (see Fig. 15a),
enabling easy removal of a single atomic layer of Cu(111) [43, 63]. Besides, the
distance between the (111) planes of copper is the largest (2.087 A, see Table 6).
Therefore, it is reasonable that realizing a single atomic layer material removal is
rather easy for Cu(111) workpiece under perfect machining conditions. However,
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Table 5 Variation of the number of atomic layers removed with the simulation parameters for a

Cu(110) workpiece

Interaction strength (D/D¥*) Scratching depth (nm) Number of layers removed (7)
1 —0.16 O<n<1
1 —0.08 1<n<3
1 0.02 I<n<3
0.1 —0.06 O<n<1
0.1 0 l<n<2
0.1 0.07 l<n<2

The meaning of n is the same as that in Table 1

Table 6 Atomic density and distance between the planes for single crystal copper [63]

Orientation Atomic density per unit area | Distance between planes (A)
(1/A2%)

{111} 4/3/3a%(0.177) a//3(2.087)

{001} 2/22(0.153) a/2(1.807)

{110} 2/+/2a%(0.108) a/2v/2(1.278)

with the (110)[001] combination, the dislocations are generated and propagate per-
pendicular to the scratching direction in the scratching process, which can lead to easy
subsurface deformation and subsurface material removal (see Fig. 15b). In addition,
the distance between the (110) planes of copper is very small (1.278 A). Hence, it is
not surprising that a single atomic layer removal cannot be achieved for the Cu(110)

workpiece in the [001] scratching direction. In the case of (001)[100] combination,
the dislocations can be formed and propagate at —45° to the scratching direction.
Furthermore, the distance between (001) planes of copper even though smaller than
that of (111) planes is relatively big (1.807 A). Thus, it is possible to achieve a single

atomic layer removal for the Cu(001) workpiece in the [IOO] scratching direction.

5 Conclusions

In this work, MD simulations of nanoscratching are performed to investigate the min-
imum depth of material removal of single crystalline copper workpiece in nanoscale
mechanical machining. It is demonstrated that the minimum depth of material
removal of single crystalline copper workpiece can achieve a single atomic layer
under certain machining conditions in nanoscale machining process. The minimum
depth of material removal is closely related to the crystal orientation and scratching

direction of copper workpiece. For the (001)[100] and (11 1)[I 10] combinations, the
minimum depth of material removal can achieve a single atomic layer of workpiece
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Fig. 15 Typical defect structures of the Cu(111) workpiece a and the Cu(110) workpiece b at
the scratching distance of 8 nm. The radius of tool is 4 nm. Atoms are colored according to their
CSP values. For the Cu(111) workpiece (a), the scratching depth is 0.12 nm with a weak adhesion
between tool and workpiece (D =0.1D%*). For the Cu(110) workpiece (b), the scratching depth is
0.02 nm with a standard adhesion between tool and workpiece

under perfect machining conditions with a perfectly ordered crystalline surface gen-
erated in the machined groove along the scratch path. Moreover, it is much easier for

a (111)[110] combination to realize a single atomic layer removal than a (001)[100]
combination. However, it is impossible to realize a single atomic layer removal for
a (110)[001] combination. It is also found that the scratching velocity and tool size
have little effect on the realization of a single atomic layer material removal in the
scratching process, while reduction in adhesion between the tool and workpiece plays
an important role.

Even when the depth of material removal for the Cu(001) and Cu(111) surfaces
is a single atomic layer of workpiece, the workpiece material is not removed in a
layer-by-layer fashion. In the scratching process, plastic deformation takes place
in the workpiece as dislocations (or dislocation embryos) are generated within the
workpiece. When a single atomic layer removal of the Cu(001) and Cu(111) sur-
faces appears to occur, some atoms in the topmost layer of workpiece are inevitably
implanted into the second topmost atomic layer and some atoms in the second top-
most layer of workpiece are displaced and incorporated into the initially topmost
layer along the scratch path. The seemingly single atomic layer material removal
process usually involves two topmost atomic layers of workpiece. Our results reject
the hypothesis that single crystalline metal materials can be continuously and stably
removed one layer of atoms after another in nanoscale mechanical machining.

The knowledge gained not only provides insights into the control and optimization
of nanoscale machining process of single crystalline copper, but also would enrich
our understanding of material removal mechanism of a variety of single crystalline
metal materials in nanoscale mechanical machining process.

Acknowledgements This work is supported by the National Natural Science Foundation of
China (Grant No. 51405337), the Specialized Research Fund for the Doctoral Program of Higher



74

P.Zhu and J. Li

Education (Grant No. 20130032120065), and the Natural Science Foundation of Tianjin (No.
15JCQNJC04800).

The original work is published in Computational Materials Science (2016, 118:192-202), and the
support of Elsevier BV is acknowledged.

References

10.

12.

13.

14.

16.

17.

18.

19.

20.

21.

. Masayoshi E, Takahito O (2003) MEMS/NEMS by micro nanomachining. IEICE Technical

Report, vol 103, 13-18

Schumacher HW, Keyser UF, Zeitler U, Haug RJ, Ebert K (2000) Controlled mechanical AFM
machining of two-dimensional electron systems: fabrication of a single-electron transistor.
Phys E 6:860-863

Sohn LL, Willett RL (1995) Fabrication of nanostructures using atomic-force-microscope-
based lithography. Appl Phys Lett 67:1552—1554

Dornfeld D, Min S, Takeuchi Y (2006) Recent advances in mechanical micromachining. CIRP
Ann 55:745-768

Brinksmeier E et al (2010) Ultra-precision grinding. CIRP Ann 59:652-671

Tseng AA (2011) Removing material using atomic force microscopy with single- and multiple-
tip sources. Small 7:3409-3427

Fang FZ, Wu H, Liu YC (2005) Modeling and experimental investigation on nanometric cutting
of monocrystalline silicon. Int ] Mach Tools Manuf 45:1681-1686

Fang FZ, Wu H, Zhou W, Hu XT (2007) A study on mechanism of nano-cutting single crystal
silicon. J Mater Process Technol 184:407-410

Pei QX, Lu C, Lee HP (2007) Large scale molecular dynamics study of nanometric machining
of copper. Comput Mater Sci 41:177-185

Komanduri R, Varghese S, Chandrasekaran N (2010) On the mechanism of material removal
at the nanoscale by cutting. Wear 269:224-228

. Ikawa N, Shimada S, Tanaka H (1992) Minimum thickness of cut in micromachining. Nan-

otechnology 3:6-9

Shimada S, Ikawa N, Tanaka H, Ohmori G, Uchikoshi J (1993) Feasibility study on ultimate
accuracy in microcutting using molecular dynamics simulation. CIRP Ann 42:117-120

Yuan ZJ, Zhou M, Dong S (1996) Effect of diamond tool sharpness on minimum cutting
thickness and cutting surface integrity in ultraprecision machining. J Mater Process Technol
62:327-330

Liu X, Devor RE, Kapoor SG (2006) An analytical model for the prediction of minimum chip
thickness in micromachining. J Manuf Sci Eng 128:474-481

. Son SM, Lim HS, Ahn JH (2005) Effects of the friction on the minimum cutting thickness in

micro cutting. Int J Mach Tools Manuf 45:529-535

Lai XM, Li HT, Lin CF, Lin ZQ, Ni J (2007) Modeling and analysis of micro scale milling
considering size effect, micro cutter edge radius and minimum chip thickness. Int J Mach Tools
Manuf 48:1-14

Malekian M, Mostofa MG, Park SS, Jun MB (2012) Modeling of minimum uncut chip thickness
in micro machining of aluminum. J Mater Process Technol 212:553-559

Li Z, Huang Y, Zhang J, Yan Y, Sun Y (2013) Atomistic insight into the minimum wear depth
of Cu(111) surface. Nano. Res. Lett. 8:514

Luan BQ, Robbins MO (2005) The breakdown of continuum models for mechanical contacts.
Nature 435:929-932

Luan B, Robbins MO (2006) Contact of single asperities with varying adhesion: comparing
continuum mechanics to atomistic simulations. Phys Rev E 74:026111

Urbakh M, Klafter J, Gourdon D, Israelachvili J (2004) The nonlinear nature of friction. Nature
430:525-528



Investigation into the Realization of a Single Atomic Layer ... 75

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Szlufarskal I, Chandross M, Carpick RW (2008) Recent advances in single-asperity nanotri-
bology. J Phys D Appl Phys 41:123001

Si LN, Guo D, Luo JB, Lu XC (2010) Monoatomic layer removal mechanism in chemical
mechanical polishing process: a molecular dynamics study. J Appl Phys 107:064310
Custance O, Perez R, Morita S (2009) Atomic force microscopy as a tool for atom manipulation.
Nat Nanotech 4:803-810

Morita S (2011) Atom world based on nano-forces: 25 years of atomic force microscopy. J
Electron Spectrosc 60:S199-S211

Kawai K et al (2014) Atom manipulation on an insulating surface at room temperature. Nat
Common 5:4403

Gotsmann B, Lantz M (2008) Atomistic wear in a single asperity sliding contact. Phys Rev
Lett 101:125501

Bhaskaran H et al (2010) Ultralow nanoscale wear through atom-by-atom attrition in silicon-
containing diamond-like carbon. Nat Nanotech 5:181-185

Jacobs T, Carpick RW (2013) Nanoscale wear as a stress-assisted chemical reaction. Nat
Nanotech 8:108-112

Moriwaki T, Okuda K (1989) Machinability of copper in ultra-precision micro diamond cutting.
CIRP Ann 38:115-118

Lucca DA, Seo YW, Rhorer RL (1994) Energy dissipation and tool-workpiece contact in ultra-
precision machining. Tribol Trans 37:651-655

Komanduri R, Raff LM (2001) A review on the molecular dynamics simulation of machining
at the atomic scale. Proc I Mech E Part B 215:1639-1672

Yan YD, Sun T, Dong S, Luo XC, Liang YC (2006) Molecular dynamics simulation of pro-
cessing using AFM pin tool. Appl Surf Sci 252:7523-7531

Fang T, Weng C (2000) Three-dimensional molecular dynamics analysis of processing using
a pin tool on the atomic scale. Nanotechnology 8:148-153

Zhu PZ, Hu YZ, Ma TB, Wang H (2010) Study of AFM-based nanometric cutting process
using molecular dynamics. Appl Surf Sci 256:7160-7165

Shi J, Shi Y, Liu CR (2010) Evaluation of three dimensional single point turning at atomistic
level by molecular dynamics simulation. Int J] Adv Manuf Technol 8:161-171

Tong Z, Liang Y, Jiang X, Luo X (2014) An atomistic investigation on the mechanism of
machining nanostructures when using single tip and multi-tip diamond tools. Appl Surf Sci
290:458-465

LiJ, Fang QH, Liu YW, Zhang LC (2014) A molecular dynamics investigation into the mech-
anisms of subsurface damage and material removal of monocrystalline copper subjected to
nanoscale high speed grinding. Appl Surf Sci 303:331-343

Hu CK et al (1995) Copper interconnection: integration and reliability. Thin Solid Films
262:84-92

Lyshevski SE (2002) MEMS and NEMS: systems, devices, and structures. CRC Press, Boca
Raton, FL.

Plimpton S (1995) Fast parallel algorithms for short-range molecular dynamics. J Comput Phys
117:1-19

Ziegenhain G, Urbassek HM, Hartmaier A (2010) Influence of crystal anisotropy on elastic
deformation and onset of plasticity in nanoindentation: a simulational study. J Appl Phys
107:061807

Komanduri R, Chandrasekaran N, Raff LMMD (2000) Simulation of nanometric cutting of
single crystal aluminum-effect of crystal orientation and direction of cutting. Wear 242:60-88
Rapaport DC (1995) The art of molecular dynamics simulation. Cambridge University Press,
Cambridge

Zhou XW, Johnson RA, Wadley HNG (2004) Misfit-energy-increasing dislocations in vapor-
deposited CoFe/NiFe multilayers. Phys Rev B 69:144113

Daw MS, Baskes MI (1984) Embedded atom method: derivation and application to impurities,
surfaces and other defects in metals. Phys Rev B 29:6443



76

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

P.Zhu and J. Li

Zhou XW et al (2001) Atomic scale structure of sputtered metal multilayers. Acta Mater
49:4005

Khomenko AV, Prodanov NV, Persson BNJ (2013) Atomistic modelling of friction of Cu and
Au nanoparticles adsorbed on graphene. Condens Matter Phys 16:33401

ZhuPZ,Hu YZ,MaTB, Wang H (2011) Molecular dynamics study on friction due to ploughing
and adhesion in nanometric scratching process. Tribol Lett 41:41-46

Maekawa K, Itoh A (1995) Friction and tool wear in nano-scale machining—a molecular
dynamics approach. Wear 188:115-122

Shimizu J, Eda H, Zhou L, Okabe H (2008) Molecular dynamics simulation of adhesion
effect on material removal and tool wear in diamond grinding of silicon wafer. Tribol Online
3:248-253

Zhu PZ, Fang FZ (2012) Molecular dynamics simulations of nanoindentation of monocrys-
talline Germanium. Appl Phys A 108:415-421

Rentsch R, Inasaki I (1994) Molecular dynamics simulation for abrasive processes. CIRP Ann
43:327-330

Li Q, Dong Y, Perez D, Martini A, Carpick RW (2011) Speed dependence of atomic stick-slip
friction in optimally matched experiments and molecular dynamics simulations. Phys Rev Lett
106:126101

Egberts P et al (2013) Environmental dependence of atomic-scale friction at graphite surface
steps. Phys Rev B 88:035409

Cakir O, Yardimeden A, Ozben T, Kilickap E (2007) Selection of cutting fluids in machining
processes. J Achieve Mater Manuf Eng 25:99-102

Zhou LB, Hosseini BS, Tsuruga T, Shimizu J, Eda H (2007) Fabrication and evaluation for
extremely thin Si wafer. Int J Abras Technol 1:94-105

Hu XL, Sundararajan S, Martini A (2014) The effects of adhesive strength and load on material
transfer in nanoscale wear. Comput Mater Sci 95:464-469

Barthel AJ, Al-Azizi A, Surdyka ND, Kim SH (2014) Effects of gas or vapor adsorption on
adhesion, friction, and wear of solid interfaces. Langmuir 30:2977-2992

Ryan KE et al (2014) Simulated adhesion between realistic hydrocarbon materials: effects of
composition, roughness, and contact point. Langmuir 30:2028-2037

Kelchner CL, Plimpton SJ, Hamilton JC (1998) Dislocation nucleation and defect structure
during surface indentation. Phys Rev B 58:11085-11088

Zhu PZ, Hu YZ, Wang H, Ma TB (2011) Study of effect of indenter shape in nanometric
scratching process using molecular dynamics. Mater Sci Eng, A 528:4522-4527

Dieter GE (1986) Mechanical metallurgy. McGraw-Hill, New York



Thermally Assisted Microcutting )
of Calcium Fluoride Single Crystals L
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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)
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(110)

Slip Plane

Cleavage Plane
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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
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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.
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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].
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Vacuum chuck
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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.

Acknowledgements The authors are grateful for the financial support from National University
of Singapore Start-up Grant (Grant No.: R-265-000-564-133) and Singapore Ministry of Education
Academic Research Fund Tier 1 (Grant No.: R-265-000-593-114).

References

1. Dao GT, Borodovsky YA (2001) 157-nm lithography for 100-nm generation and beyond:
progress and status. In: Proceeding of SPIE 4186, 20th annual BACUS symposium on pho-
tomask technology

2. Rothschild M, Bloomstein TM, Fedynyshyn TH, Kunz RR, Liberman V, Switkes M, Efremow
NN, Palmacci ST, Sedlacek JHC, Hardy DE, Grenville A (2003) Optical lithography. Lincoln
LabJ 14:221-236

3. Hahn D (2014) Calcium fluoride and barium fluoride crystals in optics: multispectral optical
materials for a wide spectrum of applications. Opt Photonik 9:45-48

4. Nachimuthu S, Aoshima M, Shimizu S, Sumiya K, Ishibashi H (2007) Improvement in optical
properties of CaF, single crystals used for nanolithography

5. Elswie HI, Lazarevi ZZ, Radojevi V, Gili M, Rabasovi M, Sevi D, Rom NZ (2016) The Bridg-
man method growth and spectroscopic characterization of calcium fluoride single crystals. Sci
Sinter 48:333-341. https://doi.org/10.2298/SOS1603333E


https://doi.org/10.2298/SOS1603333E

100

6.

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Y.J. Lee et al.

Ko JM, Tozawa S, Yoshikawa A, Inaba K, Shishido T (2001) Czochralski growth of UV-grade
CaF, single crystals using ZnF, additive as scavenger. J Cryst Growth 222:243-248
Mouchovski JT, Penev VT, Kuneva RB (1996) Control of the growth optimum in produc-
ing high-quality CaF; crystals by an improved Bridgman-Stockbarger technique. Cryst Res
Technol 31:727-737

Lambropoulos JC, Xu S, Fang T (1997) Loose abrasive lapping hardness of optical glasses and
its interpretation. Appl Opt 36:1501-1516

Wang Z, Wu Y, Dai Y, Li S (2008) Subsurface damage distribution in the lapping process. Appl
Opt 47:1417-1426

Yan J, Tamaki J, Syoji K, Kuriyagawa T (2004) Single-point diamond turning of CaF, for
nanometric surface. Int J Adv Manuf Technol 24:640-646. https://doi.org/10.1007/s00170-
003-1747-2

Shibata T, Fujii S, Makino E, Ikeda M (1996) Ductile-regime turning mechanism of single-
crystal silicon. Precis Eng 18:129-137

Puttick KE, Rudman MR, Smith KJ, Franks A, Lindsey K (1989) Single-point diamond machin-
ing of glasses. Proc R Soc London A Math Phys Sci 426:19-30

Blackley WS, Scattergood RO (1991) Ductile-regime machining model for diamond turning
of brittle materials. Precis Eng 13:95-103. https://doi.org/10.1016/0141-6359(91)90500-1
O’Neill JB, Redfern BAW, Brookes CA (1973) Anisotropy in the hardness and friction of
calcium fluoride crystals. J Mater Sci 8:47-58. https://doi.org/10.1007/BF00755582
Nakasuji T, Kodera S, Hara S, Ikawa N (1990) Diamond turning of brittle materials for optical
components. CIRP Ann Manuf Technol 39:89-92

Shimada S, Ikawa N, Toyoshiro I, Nobuhiro T, Hitoshi O, Toshio S (1995) Brittle-ductile
transition phenomena in microindentation and micromachining. Ann CIRP 44:523-526
Mizumoto Y, Kakinuma Y (2018) Revisit of the anisotropic deformation behavior of single-
crystal CaF; in orthogonal cutting. Precis Eng 53:9-16. https://doi.org/10.1016/j.precisioneng.
2018.01.011

Lodes MA, Hartmaier A, Goken M, Durst K (2011) Influence of dislocation density on the
pop-in behavior and indentation size effect in CaF2single crystals: experiments and molecular
dynamics simulations. Acta Mater 59:4264-4273. https://doi.org/10.1016/j.actamat.2011.03.
050

Mizumoto Y, Aoyama T, Kakinuma Y (2011) Basic study on ultraprecision machining of
single-crystal calcium fluoride. Procedia Eng 19:264-269. https://doi.org/10.1016/j.proeng.
2011.11.110

Azami S, Kudo H, Mizumoto Y, Tanabe T, Yan J, Kakinuma Y (2015) Experimental study
of crystal anisotropy based on ultra-precision cylindrical turning of single-crystal calcium
fluoride. Precis Eng 40:172—181. https://doi.org/10.1016/j.precisioneng.2014.11.007

Wang H, Riemer O, Rickens K, Brinksmeier E (2016) On the mechanism of asymmetric ductile-
brittle transition in microcutting of (111) CaF; single crystals. Scr Mater 114:21-26. https://
doi.org/10.1016/j.scriptamat.2015.11.030

Chen X, Xu J, Fang H, Tian R (2017) Influence of cutting parameters on the ductile-brittle
transition of single-crystal calcium fluoride during ultra-precision cutting. Int J Adv Manuf
Technol 89:219-225. https://doi.org/10.1007/s00170-016-9063-9

Marsh ER, John BP, Couey JA, Wang J, Grejda RD, Vallance RR (2005) Predicting surface
figure in diamond turned calcium fluoride using in-process force measurement. J Vac Sci
Technol B Microelectron Nanom Struct 23:84. https://doi.org/10.1116/1.1839897

Chaudhari A, Lee YJ, Wang H, Senthil Kumar A (2017) Thermal effect on brittle-ductile
transition in CaF; single crystals. In: Proceedings of the 17th international conference of the
European Society for precision engineering and nanotechnology, EUSPEN 2017

Cook RF, Pharr GM (1990) Direct observation and analysis of indentation cracking in
glasses and ceramics. J Am Ceram Soc 73:787-817. https://doi.org/10.1111/.1151-2916.1990.
tb05119.x

Fang FZ, Chen LJ (2000) Ultra-precision cutting for ZKN7 glass. CIRP Ann Manuf Technol
49:17-20. https://doi.org/10.1016/S0007-8506(07)62887-X


https://doi.org/10.1007/s00170-003-1747-2
https://doi.org/10.1016/0141-6359(91)90500-I
https://doi.org/10.1007/BF00755582
https://doi.org/10.1016/j.precisioneng.2018.01.011
https://doi.org/10.1016/j.actamat.2011.03.050
https://doi.org/10.1016/j.proeng.2011.11.110
https://doi.org/10.1016/j.precisioneng.2014.11.007
https://doi.org/10.1016/j.scriptamat.2015.11.030
https://doi.org/10.1007/s00170-016-9063-9
https://doi.org/10.1116/1.1839897
https://doi.org/10.1111/j.1151-2916.1990.tb05119.x
https://doi.org/10.1016/S0007-8506(07)62887-X

Thermally Assisted Microcutting of Calcium ... 101

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44,

45.

46.

Yan J, Asami T, Harada H, Kuriyagawa T (2009) Fundamental investigation of subsurface
damage in single crystalline silicon caused by diamond machining. Precis Eng 33:378-386.
https://doi.org/10.1016/j.precisioneng.2008.10.008

Kawasegi N, Niwata T, Morita N, Nishimura K, Sasaoka H (2014) Improving machining
performance of single-crystal diamond tools irradiated by a focused ion beam. Precis Eng
38:174—182. https://doi.org/10.1016/j.precisioneng.2013.09.001

O’Connor BP, Marsh ER, Couey JA (2005) On the effect of crystallographic orientation on duc-
tile material removal in silicon. Precis Eng 29:124—-132. https://doi.org/10.1016/j.precisioneng.
2004.05.004

Blake PN, Scattergood RO (1990) Ductile-regime machining of germanium and silicon. J Am
Ceram Soc 73:949-957 . https://doi.org/10.1111/j.1151-2916.1990.tb05142.x

Yan J, Syoji K, Tamaki J (2004) Crystallographic effects in micro/nanomachining of single-
crystal calcium fluoride. J Vac Sci Technol B Microelectron Nanom Struct 22:46. https://doi.
org/10.1116/1.1633770

Wang H, Senthil Kumar A, Riemer O (2016) On the theoretical foundation for the microcutting
of calcium fluoride single crystals at elevated temperatures. Proc Inst Mech Eng Part B J Eng
Manuf 1-7. https://doi.org/10.1177/0954405416666907

Yan J, Asami T, Harada H, Kuriyagawa T (2012) Crystallographic effect on subsurface damage
formation in silicon microcutting. CIRP Ann Manuf Technol 61:131-134. https://doi.org/10.
1016/j.¢irp.2012.03.070

Xiao G, To S, Zhang G (2015) Molecular dynamics modelling of brittle-ductile cutting mode
transition: case study on silicon carbide. Int J Mach Tools Manuf 88:214-222. https://doi.org/
10.1016/j.ijmachtools.2014.10.007

Deadmore DL, Sliney HE (1987) Hardness of CaF2 and BaF2 solid lubricants at 25 to 670 °C
(NASA Technical Memorandum 88979)

Mufioz A, Dominguez-Rodriguez A, Castaing J (1994) Slip Systems and plastic anisotropy in
CaF,. J Mater Sci 29:6207-6211. https://doi.org/10.1007/BF00354561

Conrad H (1964) Thermally activated deformation of metals. J] Met 16:582-588. https://doi.
org/10.1007/BF03378292

Lopez de Lacalle LN, Sanchez JA, Lamikiz A, Celaya A (2004) Plasma assisted milling of
heat-resistant superalloys. J Manuf Sci Eng 126:274. https://doi.org/10.1115/1.1644548
Kumar M, Melkote S, Lahoti G (2011) Laser-assisted microgrinding of ceramics. CIRP Ann
Manuf Technol 60:367-370. https://doi.org/10.1016/j.cirp.2011.03.121

Ding H, Shen N, Shin YC (2012) Thermal and mechanical modeling analysis of laser-assisted
micro-milling of difficult-to-machine alloys. J Mater Process Technol 212:601-613. https://
doi.org/10.1016/j.jmatprotec.2011.07.016

Ding H, Shin YC (2010) Laser-assisted machining of hardened steel parts with surface integrity
analysis. Int J Mach Tools Manuf 50:106—114. https://doi.org/10.1016/j.ijmachtools.2009.09.
001

Tian Y, Wu B, Anderson M, Shin YC (2008) Laser-assisted milling of silicon nitride ceramics
and inconel 718. J Manuf Sci Eng 130:031013. https://doi.org/10.1115/1.2927447

Lei S, Shin YC, Incropera FP (2001) Experimental investigation of thermo-mechanical char-
acteristics in laser-assisted machining of silicon nitride ceramics. J] Manuf Sci Eng 123:639.
https://doi.org/10.1115/1.1380382

Rahman Rashid RA, Sun S, Wang G, Dargusch MS (2012) An investigation of cutting forces
and cutting temperatures during laser-assisted machining of the Ti-6Cr-5Mo-5 V-4Al beta
titanium alloy. Int J Mach Tools Manuf 63:58-69. https://doi.org/10.1016/j.ijmachtools.2012.
06.004

Madhavulu G, Ahmed B (1994) Hot machining process for improved metal removal
rates in turning operations. J Mater Process Tech 44:199-206. https://doi.org/10.1016/0924-
0136(94)90432-4

Jeon Y, Lee CM (2012) Current research trend on laser assisted machining. Int J Precis Eng
Manuf 13:311-317. https://doi.org/10.1007/s12541-012-0040-4


https://doi.org/10.1016/j.precisioneng.2008.10.008
https://doi.org/10.1016/j.precisioneng.2013.09.001
https://doi.org/10.1016/j.precisioneng.2004.05.004
https://doi.org/10.1111/j.1151-2916.1990.tb05142.x
https://doi.org/10.1116/1.1633770
https://doi.org/10.1177/0954405416666907
https://doi.org/10.1016/j.cirp.2012.03.070
https://doi.org/10.1016/j.ijmachtools.2014.10.007
https://doi.org/10.1007/BF00354561
https://doi.org/10.1007/BF03378292
https://doi.org/10.1115/1.1644548
https://doi.org/10.1016/j.cirp.2011.03.121
https://doi.org/10.1016/j.jmatprotec.2011.07.016
https://doi.org/10.1016/j.ijmachtools.2009.09.001
https://doi.org/10.1115/1.2927447
https://doi.org/10.1115/1.1380382
https://doi.org/10.1016/j.ijmachtools.2012.06.004
https://doi.org/10.1016/0924-0136(94)90432-4
https://doi.org/10.1007/s12541-012-0040-4

102

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Y.J. Lee et al.

Shams OA, Pramanik A, Chandratilleke TT (2017) Thermal-assisted machining of titanium
alloys. In: Gupta K (ed) Advanced manufacturing technologies. Springer International Pub-
lishing, Berlin, pp 49-76

Bass M, Beck D, Copley SM (1979) Laser assisted machining. In: Proceeding of SPIE 0164,
4th European electro-optics conference, pp 233-240

Venkatesan K, Ramanujam R, Kuppan P (2014) Laser assisted machining of difficult to cut
materials: Research opportunities and future directions - A comprehensive review. Procedia
Eng 97:1626-1636. https://doi.org/10.1016/j.proeng.2014.12.313

Ravindra D, Ghantasala MK, Patten J (2012) Ductile mode material removal and high-pressure
phase transformation in silicon during micro-laser assisted machining. Precis Eng 36:364-367
Shayan AR, Poyraz HB, Ravindra D, Patten JA (2009) Pressure and temperature effects in
micro-laser assisted machining (.-LAM) of silicon carbide. Trans North Am Manuf Res Inst
SME 37:75-80

Mohammadi H, Ravindra D, Kode SK, Patten JA (2015) Experimental work on micro laser-
assisted diamond turning of silicon (111). J Manuf Process 19:125-128. https://doi.org/10.
1016/j.jmapro.2015.06.007

Korte S, Stearn RJ, Wheeler JM, Clegg WJ (2011) High temperature microcompression and
nanoindentation in vacuum High temperature microcompression and nanoindentation in vac-
uum. J Mater Res 27:167-176. https://doi.org/10.1557/jmr.2011.268

Duan ZC, Hodge AM (2009) High-temperature nanoindentation: new developments and ongo-
ing challenges. J Miner Met Mater Soc 62:32-36

Phillips WL, Hanlon JE (1963) Oxygen penetration into single crystals of calcium fluoride. J
Am Ceram Soc 46:447-449

Batchelder DN, Simmons RO (1964) Lattice constants and thermal expansivities of silicon and
of calcium fluoride between 6° and 322°K. J Chem Phys 41:2324-2329. https://doi.org/10.
1063/1.1726266

Ballard SS, Brown SE, Browder JS (1978) Measurements of the thermal expansion of six
optical materials, from room temperature to 250 °C. Appl Opt 17:1152. https://doi.org/10.
1364/A0.17.001152

Beake BD, Smith JF (2002) High-temperature nanoindentation testing of fused silica and other
materials. Philos Mag A Phys Condens Matter, Struct Defects Mech Prop 82:2179-2186.
https://doi.org/10.1080/01418610208235727

Michel MD, Serbena FC, Lepienski CM (2006) Effect of temperature on hardness and inden-
tation cracking of fused silica. J Non Cryst Solids 352:3550-3555. https://doi.org/10.1016/j.
jnoncrysol.2006.02.113


https://doi.org/10.1016/j.proeng.2014.12.313
https://doi.org/10.1016/j.jmapro.2015.06.007
https://doi.org/10.1557/jmr.2011.268
https://doi.org/10.1063/1.1726266
https://doi.org/10.1364/AO.17.001152
https://doi.org/10.1080/01418610208235727
https://doi.org/10.1016/j.jnoncrysol.2006.02.113

Cutting Mechanism and Surface )
Formation of Ultra-Precision Raster Fly L
Cutting

Guogqing Zhang and Suet To

Abstract Ultra-precision raster fly cutting (UPRFC) is a discontinuous fly cutting,
whereby the diamond cutting tool flies with spindle rotation and cuts the machined
surface discontinuously. Accompanying the motion of spindle with a raster tool path
covering the whole machined surface, the diamond tool can cut and form complex
surface structures. The cutting mechanism of UPRFC makes it widely utilized in
manufacturing non-rotational symmetric structures like pyramid array, free-form
surface, F-theta lens, tetrahedron array, micro-lens array etc. The form accuracy of
fabricated products could be down to submicron level, and surface roughness down
to non-metric level. UPRFC is potentially used to fabricate products in multiple
industry fields such as aerospace, automobile, laser, communication, optics. Study
of the cutting mechanism of UPRFC and the influences thereof on surface integrity
is a key topic since it helps to improve the machined surface quality. The inter-
mittent cutting mechanism of UPRFC is quite different from other ultra-precision
machining processes, e.g., single-point diamond turning, micro-milling; correspond-
ingly, it may cause different effects on surface finish. This chapter will talk about the
cutting mechanism and surface formation of UPRFC in five parts. Part 1 gives an
overview to UPRFC technology and the application thereof on fabrication of optical
products. Part 2 delivers a comprehensive knowledge on the material removal mech-
anism of UPRFC both in theoretical and experimental aspects. Part 3 talks about
material sliding during chip formation, and it caused surface microwaves in UPRFC
process; in this part, the appearance and influence factors of microwaves will be
presented. Finally, tool wear features and their influences on the quality of machined
surface were investigated in Part 4, and a short conclusion is summarized in Part 5.
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This chapter will give reader a comprehensive understanding of the cutting mecha-
nism and surface generation in UPRFC.

1 Introduction

UPRFC, as a fly cutting process, is a discontinuous cutting, whereby diamond cutting
tool flies with spindle rotation of machine tools and cuts the workpiece surface
intermittently. In a rotary cut, a tool imprint is formed, and the pieces of tool imprint
compose the desired surface structures [1]. Differing from the cutting kinematics of
continuous cutting, e.g., single-point diamond turning, the diamond tool in UPRFC
rotates around the spindle of machine tools, while the workpiece is fixed. UPRFC is
also different from conventional or micro-end milling process, since it employs the
single crystal diamond as the tool material, as is shown in Fig. 1. Totally, the difference
of UPRFC includes: First, only one tool tooth was employed in UPRFC for cutting
and spindle speed is usually fast; therefore, the cutting period in each rotation cycle is
very short. Secondly, the chip morphology in UPRFC is short, thin, and leaf-shaped
[2]. The special cutting mechanism of UPRFC has its own advantages: It is good at
cutting non-rotational symmetric microstructures with high form accuracy and low
roughness. It has become an essential method to fabricate precise products, especially
optical components, and widely applied into the manufacturing of complex surface
structures like pyramid structures, V-groove, free-form surfaces with submicron form
accuracy and nanometric surface roughness [3, 4], as is shown in Fig. 2.

In UPRFC, the analysis of cutting mechanism and surface generation is quite
significant, since it is contributed to the configuration of cutting conditions, the design
of cutting plans, the determination of tool wear, and the improvement of surface
quality, which are also important parameters for the ultra-precision machine tools’
design [5, 6]. Unlike other precision cutting processes, e.g., single-point diamond
turning and micro-milling, in UPRFC, the fly cutting of the cutting tools makes
cutting chips thicker at their middle while thinner at their two sides. Owing to the
thickness inconsistency of cutting chips along the cutting direction, material sliding
behavior at different chip thickness during cutting and its influence on the surface
roughness are different too. In UPRFC, the cutting direction changes all time, which

- .

Spindle - =
A Dlamothtpol
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Fig.1 UPRFC machine and cutting tools
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Fig. 2 Microstructures could be manufactured by UPRFC

always along the tensile direction of the tool path, the cutting kinematics of UPRFC
makes the tool edge profile imprinted on both chip surface and machined surface,
the cutting chips were then cut down in the following cutting and collected online
for evaluation [7].

The intermittent cutting mechanism of UPRFC makes the surface generation quite
different from other cutting processes, which also makes the surface quality-affecting
factors different. The previous study found that material-sliding-caused vibration,
tool-wear-caused surface quality changes have some influence on the machined sur-
face quality. The following part will conduct review on these topics.

In UPRFC, the influence of vibration on the surface generation is significant,
since it produce micro-waves or patterns on the machined surface whereby affects
the optical function of fabricated products. In UPRFC, many vibration sources exist,
mainly including tool-tip vibration, spindle vibration, background vibration, self-
excited vibration, and material-caused vibration, which have unequal influences on
the surface topography and roughness: Tool-tip vibration with ultra-high natural fre-
quency influences surface topography and roughness at a nanometric level that leads
to the formation of the surface profile fluctuation with certain period and a particu-
lar spatial frequency, as well as irregular zebra-stripe-like structures on the surface
being machined [8-10]. Spindle vibration also owns a significant effect on the sur-
face topography and roughness of UPRFC. Usually, axial vibration causes periodic
concentric, concave, twofold, spiral structures on machined surface, coupled tilting
vibration forms irregular patterns and ribbon stripe whereby plays a principle impact
on surface topography of the machined surface [11, 12]. Material property (e.g.,
material anisotropy and material spring back) has some effects on the machined sur-
face topography, and it usually causes a variation of the shear angle, cutting force, and
rough surface, which leads to the formation of periodical structures on the surface
being machined [13, 14]. Material sliding in the chip generation is a not negligi-
ble origin of vibration that influences the roughness of machined surface. Material
sliding is a periodic behavior during chip generation, which is generated from the
cutting energy accumulation and release, and has some influences on the surface
topography and roughness of machined surface. However, little studies have been
reported before on the material sliding behavior in chip generation and its effects on
surface topography and surface roughness changes. Until now, Su et al. (2015) have
conducted the most comprehensive study into the relation between material-sliding-
caused sawtooth and surface waves in high-speed cutting [15]. In their investigation,
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the correlations between chip morphology and the micro-topography of machined
surface at different chip serration levels were explored and concluded that chip ser-
ration leads to the formation of microwaves on machined surfaces and the increase
in machined surface roughness.

In UPRFC, tool wear has some effects on the surface quality, cutting force, chip
formation, even chatter stability [16, 17]. Therefore, in-process identification of tool
wear and thereof influences on surface finish is important, which can identify the
deteriorated machined surface under tool wear timely, avoid the unacceptable cutting,
and remedy the deteriorated surface so as to improve the cutting efficiency. Until now,
the study of tool wear evaluation and its effects on machined surface quality has
been found a lot on traditional machining, micro-milling, and single-point diamond
turning. Generally, the tool wear methods employed in previous studies include direct
and indirect methods. Direct tool wear evaluation methods are akind direct inspection
method, which were usually performed by optical inspection [18, 19]. However, it is
difficult to be realized in-process tool wear evaluation for optical inspection method
since cutting tools are usually covered by chips or lubricant during cutting. In this
case, many indirect evaluation methods for tool wear were employed, e.g., tool wear
monitor during cutting by using indirect signals. The indirect signals could reflect the
cutting tools’ gradual wear [20-22]; however, it failed to precisely identify the tool
wear characteristics. Besides, the evaluation of surface quality is also an essential
topic in UPRFC [23, 24], especially for online surface quality evaluation [25, 26].
However, the in-process evaluation of machined surface considering tool wear effects
in UPRFC has not been reported in the previous study.

As is talked above, UPRFC is an essential discontinuous cutting process, and the
complex cutting kinematics of UPRFC makes its cutting mechanism and surface gen-
eration different as compared to single-point diamond turning. Most of prior studies
about surface generation in UPRFC are limited to consider the effect of cutting strat-
egy, cutting parameters, spindle vibration, kinematics error, and workpiece materials
[27-29], while little attention has been paid on the influence of material sliding,
size effect, tool wear on the surface generation. Material sliding, size effect, and
tool wear have significant effects on the chip generation and surface formation; for
example, material sliding will cause surface microwave formation, size effect leads
to the formation of surface rough pattern, while tool wear will change tool geometry
and further affect the surface roughness. In this chapter, the cutting mechanism of
UPRFC and surface generation under considering influences of material sliding, size
effect, and tool wear will be studied, and some useful conclusions were summarized.
This research provides a deep undemanding of the cutting mechanism and surface
formation in UPRFC and provides reference for the understanding of material sliding,
size effect, and tool wear effect on the surface generation; this research is potentially
used to improve the surface quality of UPRFC.
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Fig. 3 Cutting strategies of UPRFC and the related tool trajectory

2 Material Removal Mechanism of UPRFC

2.1 Material Removal Mechanism and Cutting Distance
Calculation

In UPRFC, two cutting strategies exist: vertical cutting and horizontal cutting. In
horizontal cutting strategy, feed direction is perpendicular to step direction, and both
directions in the horizontal cutting are opposite to that in the vertical cutting, as is
shown in Fig. 3. Therefore, the cutting chips are enveloped by the tool geometry at
intervals of the tool step distance and the feed rate.

Corresponding to the spindle motion and cutting tool rotation, there are two cut-
ting distance-counting methods: straight cutting distance and rotary cutting distance.
Straight cutting distance only is a nominal cutting distance, which considers the total
length of spindle trajectory, while it does not consider the rotary trajectory of cut-
ting tools during the cutting, as is shown in Fig. 4a. Therefore, if a workpiece has a
rectangular surface area with its width w and length [, the counted straight cutting
distance covering the whole surface area is calculated as:

fw (D

St
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Fig. 4 Schematic illustration of a straight cutting distance and b rotary cutting distance

where s, is the step distance. Based on Eq. (1), supposing the workpiece with a width
25 mm and a length 50 mm rectangular surface as shown in Fig. 4a, the step distance
in the cutting is 0.025 mm; therefore, the straight cutting distance covering the whole
surface area is calculated as 50 m. If each workpiece has 100 layers of cutting, the
straight cutting distance will be counted as a total of 5000 m.

Different from the straight cutting distance, rotary cutting distance is the actual cut-
ting distance in UPRFC which counts the overlap effect. Figure 4b shows a schematic
illustration of the rotary cutting distance in UPRFC. The tool trajectory in rotary cut-

ting is actually an arc ad, noted by , the length of which can be calculated by:
7] =@+ s @)
where « is the angle of tool-entry surface, § is the angle of tool-exit surface, and s,,

is the swing distance.
In triangle oab of Fig. 4b, angle « is calculated by:

Sw — ap
o = arccos 3)
Sw
In triangular ocd of Fig. 4b, angle B is expressed as:
/2
B = arcsin(f / ) (@)
Sw
where f, is the feed rate in mm/rev, and it could be obtained by:
1.
Je=— (5
p

where f, is the feed rate in mm/min, and p is the spindle speed in r/min.
For a workpiece with rectangle surface, to finish a complete surface cutting, the
number of rotary cuttings needed is calculated by:
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Table 1 Comparison of counted rotary cutting distance and straight cutting distance

‘Workpiece no. No. 1 No. 2 No. 3 No. 4 No. 5
Straight cutting distance | 1000 2000 3000 4000 5000
Rotary cutting distance | 29,848 59,696 89,544 119,392 149,240
lw ©)
n—
SeSi

Combining Egs. (2)—(6), the cutting distance to finish a rectangle surface cutting
is obtained from:

l ) — . 2
o = Ww (arccos<u> + arcsm(fe/ )) (7)
est Sw Sw

From Eq. (7) and the given cutting parameters, cutting distance for completing a
rectangular surface cutting is counted as 1492.4 m. Therefore, for a workpiece with
100-layer rectangular surface cutting, the total rotary cutting distance is calculated
as 149,240 m.

Table 1 shows the comparison of cutting distances based on different calculation
methods. It found that the rotary cutting distance is much longer than the straight
cutting distance when they cut the rectangular surface. With the given cutting condi-
tions and surface area, the counted rotary cutting distance is almost 29 times larger
than the straight cutting distance.

2.2 Chip Formation in UPRFC

Inthe UPRFC, cutting chips are formed by three cutting steps: previous rotary cutting,
previous step cutting, and current rotary cutting. Correspondingly, the cutting chip
morphology equations are composed of equations of rough surface, previous rotary
cutting formed surfaces, previous step cutting formed surface, and current rotary
cutting formed surface. As is shown in Fig. 5a, b, the shaded area presents the chip
area. For clear presentation, a coordinate system o-xyz is established with its origin
at the intersection point of spindle axis and tool holder axis and its x-axis along the
feed direction, z-axis upright.

Based on Fig. 5c, d, the 3D morphology of cutting chips was modeled and simu-
lated by geometrical method. Since a cutting chip is compassed by four surfaces, the
cutting chip model composed of four independent equations with each one presents
one surface.

From Fig. Sc, cutting chips in both horizontal cutting and vertical cutting are
composed of four surfaces: front surface (Fs), side surface (Ss), back surface (Bs),
and rough surface (Rs). This chapter only talks about the chip modeling in horizontal



110 G. Zhang and S. To

(a) (b)

o _ _ Feed dir. )

l ee 1r.
Step dir. Step dir.

SEEESEE\
Rs
/4
€ v g (d) 42
lc
Rs
C, Ss

Fs (Bs)

/ la (I b) Ss
/ Fs (Bs)

o/ x >
ifo - , 4/44//

v
€ fe_|Tool entry

> X

Step dir.
I—V

Feed dir.

Sty Tool entry
Step dir. Feed dir.
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cutting, and the chip model in vertical cutting could be easily derived by referring chip
model in horizontal cutting. Equations of the presented four surfaces are expressed

as [30]:

w

: (\/(y + fo)? + 7248y — R>2 +x>=R?
2
Bs: (w/y2 + 72248, — R) +x2=R? ®

Ss:(z+5y — R+ (x+5)>=R?

F

Rs:z=a, — sy
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where f. is the feed rate; R is the tool nose radius; s; is the step distance; a, is the
depth of cut; and s,, is the swing distance.

Equations (8) are the geometry model of cutting chips. The 3D profile of cutting
chip based on the given cutting parameters and tool geometry parameters was figured
by MATLAB® in Fig. 6a, while the real captured chip figure is shown in Fig. 6b.
From the comparison of two chip morphologies, it is found that they well concur each
other in morphology. However, the chip was compressed by the tool rake face during
cutting whereby cutting chip shrinks slightly along the cutting direction, whereby
the real chip length along the cutting direction is a little shorter than the simulated
one.

From Fig. 5c, the chip is thicker at its middle (point m) while thinner at its two
sides along the feed direction. The geometric feature of a cutting chip makes it
suitable for evaluation of tool flank wear. To clearly present the thickness changes of
the cutting chips, a curve presenting the chip thickness is modeled within the plane
mke in Fig. 2c, because cutting-edge segment here experiences the longest cutting
distance.

From Eq. (8), the coordinates of point m and k are expressed as:

(xm =ap,2R —ap)—r,
2
Ym = \/<\/R2 —ap2R —ap) +2r\/ap(2R —ap) — r2 — sy + R) — (5w — ap)2 —f

(xk =a,2R —ap,) —r,
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2
= \/<\/R2 —a,(2R —a,,)+2r\/(W—r2—sw+R) — (S0 — ap)?

Based on Eq. (1) and coordinates of point m and k, equations for the chip thickness
curve are derived as:

2
Iy : (N/(y+f)2+z2+sw—R) +x2 =R?
lh:z=ap, =5y Ym <y =<k 9

2
1 : (,/y2+zz+sw—R> +x2 =R?

where [,, [y, and [, are the three curve segments of chip thickness. The chip thickness
at any point can be calculated from Eq. (9).

Derivation of the chip model is significant since it benefits for deep understanding
of the cutting mechanism of UPRFC and chip generation. During the UPRFC process,
all the cutting chip morphology changes are the true reflection of the tool status.
However, only a part area of the chip surface can reflect the surface topography. By
inspection of Fig. 6a, b, it is found that the chip area between line a and line b could
be used to reflect surface quality under tool wear. Based on the geometric relation,
the distance between line a and line b is the step distance.

3 Surface Microwaves in UPRFC

Material property has multiple effects on the surface generation and machined sur-
face roughness, for example, the heat generated from UPRFC process changes the
workpiece material property so that influence the machined surface quality [31], also,
cutting process has effect on the changes of crystal orientation [32, 33]. Therefore,
study of materials inducing surface roughness changes is significant.

The intermittent cutting of UPRFC makes the morphology of cutting chip thicker
at its middle and thinner at its two sides. Owing to the ununiformed chip thickness
along its length direction, the thickness of lamella structure generated in material
sliding is also different, which has influence on the surface roughness. Based on
the observed microwave formation on machined surfaces, this research conducted
a research on the origin and suppressing of the formed microwaves, committed to
provide a deep insight into the material sliding and cutting mechanism in UPRFC.

During the UPRFC process, the diamond cutting tool performs a linear feed
motion and meantime a rotary cutting motion. The trajectory of diamond tool is
clarified by combining the two tool motions, whereby the topography of machined
surface is proposed, as is shown in Fig. 7a, b.
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From prior cutting experiment results as shown in Fig. 8, the machined surface
was found to be present a number of microwaves with very high space frequencies.
The wavelength was in the scope between 2 and 4 wm, and the microwaves are
accumulated together with almost the same distance in between; two neighboring
groups’ distance was about 42 pm [34].

The cutting parameters used in the experiment of microwave formation in Fig. 8
are: spindle speed of 4500 r/min and feed rate of 200 mm/min. Therefore, the tool
feed length could be calculated based on the cutting parameters:

Je 200 mm/min

Jr= S, = T4500 tmin

= 0.044 mm/r = 44 wm/r

where f, is the feed length within a rotary cutting, f is the feed rate in mm/min, and
sp is the spindle speed.

Because the distance of two neighboring microwave groups nearly equals to the
tool feed length of a rotary cutting, the microwaves on the machined surface are
believed to be caused by the rotary cutting mechanism of UPRFC.

Based on the given cutting parameters, the microwave frequency could be calcu-
lated. First, the linear velocity of the tool tip along the tangent direction of rotary
cutting is calculated as:

2 swsp 2 % 3.14 x 0.02835 mm x 4500 rpm

V= WSy = = = 13.35285 m/s
60 60
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Fig. 7 Schematic of cutting kinematics of UPRFC (a) and the surface generation (b)
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where w is the spindle angular velocity, and s,, is the swing distance.
The microwave space frequency is obtained as:

frmin = v/w = $3225 = 3.42 MHz

fmax = v/w = 21?;)3(51%)8_56 = 6.36 MHz

where w is the microwave length.

Based on the calculation, the microwaves are found on the space frequency band
between 3.42 and 6.36 MHz. This band of space frequency is much higher than that
caused by background, spindle, and even tool-tip vibration. Usually, the high-space
frequency band is most possibly caused by material rebound or material sliding.
Cutting tool extrudes a depth of workpiece material during continuous cutting and
whereby extrusion stresses cause workpiece material plastic deformed by shearing,
and results in a ductile fracture of the machined layer. After material shearing, this
layer of workpiece material was removed and becomes the chip [35]. Schematics
of the continuous cutting mechanism and SEM photographs of chip generation in
continuous cutting are shown in Fig. 9. The uniform material sliding during material
shearing of a continuous cutting leaves regular microwaves on the machined surface
[15]. However, cutting mechanism of UPRFC is quite different, which makes the chip
thickness inconsistent along its length direction; e.g., chip is thinner (theoretically
the thickness is zero) at its two sides (tool entry and exit) and thicker at its middle,
as is presented in Fig. 10b. The inconsistency of chip thickness results in irregular
material sliding during chip generation, whereby it leads to the formation of different
pitch sawtooth chip.

Figure 11 shows the chip generation and morphology of UPRFC, in Fig. 11a, the
chip beginning is denoted as surface-entry point (point b), while the chip ending is
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defined as surface-exit point (point #). Theoretically, the distance between surface-
entry point and surface-exit point equals to the feed length along the cutting direction,
and it needs to note that the real chip length is shorter than the theoretical chip length
(distance between point b and point ¢ in Fig. 11b).

Figure 12 shows the lamella structures of a cutting chip (see Fig. 12a) at the
different chip surface areas. Owing to the thin thickness at the surface-entry of chips
and thick thickness at the surface-exit of chips, the pitch of lamella structure is smaller
at surface-entry side of chips (see Fig. 12b) as compared to that at the surface-exit
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Fig. 12 a Lamella structure at different chip areas: b surface-entry, ¢ near to surface-exit, d middle
place

side of chips (as is shown in Fig. 12¢). The microwaves on the machined surface are
correspondingly exposed accumulating at the surface-exit of each feed imprint.

In UPRFC, with the cutting distance growing, tool wear features change as well.
As s illustration in Fig. 13, tool wear feature at initial stage tends to be the fracture of
cutting edge (e.g., F'; and F'; in Fig. 13a), after cutting a certain distance, a wear land is
found to be formed on the cutting edge, the width of which increases correspondingly.
Meanwhile, two fractures (F'| and F,) in Fig. 13a are flattened significantly and hard
to be distinguished, as is shown in Fig. 13b.

The formation of wear land influences the microwaves’ distribution. With the tool
wear progress, the forms of cutting chip surface-entry change as well. In particular,
as a smooth wear land is formed on the cutting edge, cutting chips truncate at both
surface-entry and surface-exit sides; therefore, the flank wear land formation affects
the chip generation in UPRFC. The relation between chip morphology and tool flank
wear could be reflected by the microwave distribution on the machined surface. As
is shown in Fig. 14, it is found that the tool flank wear changes the microwave
distribution on the machined surface. With the tool flank wear progress, microwaves
accumulate more at the surface-exit side of a feed length, and the wavelength becomes
larger too. The phenomena are believed to be caused by the comparable thickness
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Fig. 13 a Initial tool wear and b flank wear land formation

Fig. 14 Machined surface topography at different tool wear level

between cutting edge and chip. At the initial cutting, cutting tool with a sharp edge
could cut down very thin chips; however, the progress of tool flank wear increases
the cutting-edge radius, whereby it results in a plowing process instead of cutting,
which causes the material accumulation at the surface-exit side of a feed imprint and
forms microwaves on the machined surface. Accompanying the tool wear progress,
the mean length of microwaves increases correspondingly; this is attributed to the
material accumulation during material sliding. Moreover, with the tool wear progress,
the microwave group length becomes shorter, indicating the microwaves are more
concentrated, as is shown in Fig. 14.

From the discussion above, there are two methods to suppress the microwave
appearance on the machined surface: first, reducing the chip thickness through chang-
ing cutting parameters; second, suppressing tool wear.
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4 Tool Wear Features and Their Effects on Surface
Integrity

4.1 Tool Wear Characteristics and Their Effect on Cutting
Chips

The cutting mechanism of UPRFC makes the tool wear features different from other
continuous cutting processes; the previous study about tool wear indicates that tool
wear characteristics include tool fracture, material welding, wear land formation,
micro-groove; tool wear features have different influences on the chip morphology,
cutting force, and surface topography [36]. Figure 15 indicates the tool wear features
at different cutting stages; at the initial cutting, some fractures appear on the cutting
edge, and the distribution of the formed fractures is irregular and chaos. After cutting
a certain distance, some workpiece material was welded on the tool rake face; mean-
while, small fractures had flattened and disappeared except some larger fractures.
By further cutting, a smooth wear land is formed with its width about 1 wm, and the
smooth wear land incorporates small fractures and flattens larger fractures. More-
over, several micro-grooves were found on the tool flank face with its meandering
trajectory parallel to the cutting direction, which originated in several micro-fractures
on the cutting edge.

In metal cutting, cutting chips have a closed relation with tool wear. The cutting
experiment indicates that new cutting tool leads to the formation of feather-like
structure at the tool-entry side of cutting chips. Tool fractures will be imprinted on
the chip surface and will form some ‘ridges’-like structure with its length along the
cutting direction. Workpiece material welding on to the cutting tool rake face will
increase the friction between cutting chip and tool rake face whereby it makes cutting
chips crushed at their tool-entry side. Flank wear land on the cutting edge causes
shutter-like structure formation at cutting chips’ tool-entry area under the effect of
minimum cutting depth. Micro-grooves formed on the cutting tool clearance face
lead to the formation of some pin-like structures at the tool-entry area of cutting
chips.
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Fig. 17 Smooth wear land and the corresponding truncated chip

In UPRFC, two chip morphologies caused by tool wear features should be noted:
tool fracture and smooth wear land on the cutting edge. Tool fracture on the cutting
edge causes the ridge formation on chip surface, as is presented in Fig. 16, while
smooth wear land on the cutting edge makes cutting chips truncated at their both
sides, as is presented in Fig. 17.

4.2 Tool Wear Evaluation Using Cutting Chips

The appearance of tool fractures causes the imprints of ridge-like structures on the
chip surface as a group of signatures. Tool-entry area of cutting chips is thin and
smooth due to the small material stacking, the ridge-like signatures in this area are
therefore clear and easy to be precisely measured.

For the evaluation of tool fracture using cutting chips, only a part of the cutting
chip is usable (chip part area between line a and b in Fig. 6), because in this section
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tool wear features are imprinted both on the chip and machined surface. The distance
between line a and line b equals to the cutting-edge length within a step distance,
which could be obtained by:

a = 2R arcsin(r/2R) (10)

In order to identify the feature of tool fractures by using cutting chip morphology,
the signatures’ distance in between and its cross-sectional profile parameters are
measured by a SEM with 3D viewer. The measured distances and parameterized
cross-sectional profile of these signatures are then used to rebuild the cutting-edge
2D profile and further used to simulate the machined surface topography. The tool
fracture evaluation process is listed as follows: firstly, parameterizing the measured
cross-sectional profile of a signature into a geometric element. The parameterization
is performed according to the similarity between the signature cross-sectional profile
and the geometric profile of the basic element, and the geometric element used here
includes isosceles triangle, isosceles trapezoid, and semicircle. Equations of these
geometric elements are listed in Table 2 [37].

Secondly, the measured distances of signatures in between and the parameterized
geometric elements are combined to rebuild the 2D profile of cutting edge. For easy
description, two coordinate systems o-uw and o;-u;w; are established to present the
equations of geometric element. Usually, the diamond tool edge is an arc, and its
equation is:

u> +w? = R? (11)

The angle between two neighboring signatures can be calculated by the signature
distance and tool nose radius through:

0;=d;/R (12)
The angle « in Fig. 18 could be obtained by:
a=qarcsin(r/2R) (13)

Therefore, each geometric element is then constituted to rebuild the 2D cutting
edge by coordinate transformation:

u; cosfB —sinf Rsinf u
w; | =| sin8 cosB Rcosp w (14)
1 0 0 1 1

where B = o — Y 6; is an angle.
Thirdly, after rebuilding the 2D profile cutting edge with tool fracture considera-
tion, the tool wear patterns and their locations could be identified. Because the tool
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Fig. 18 Tool micro-fractures identification using cutting chips

wear patterns are also imprinted on the machined surface meantime, the 2D profile
cutting edge could be used to simulate the topography of machined surface too. The
simulated surface topography was then compared with the measured ones to prove
the correctness of the simulation.

After obtaining the simulated topography of machined surface, the roughness of
the machined surface cut by the fractured tools, e.g., Ry, R., and R, can be calculated
from the 3D data cloud of the rebuilt surface. The calculation results are then used to
evaluate the machined surface quality by considering the tool fractures’ effect [38].

Similarly, tool flank wear level can also be identified by cutting chip morphology.
From the cutting experiment, tool-entry area of a cutting chip was affected by tool
flank wear and forms louver-like structures, which differs from a feather-like structure
cut by a new cutting tool with sharp edge. According to the principle of minimum
cutting depth, the formation of louver-like structure is caused by the comparable size
of the width of tool flank wear and cutting chips thickness in this area.

It is found from prior cutting experiment that tool flank wear creates the truncation
of cutting chips at both their tool-entry and exit areas. The truncation position of
cutting chips depends on the cutting parameters, e.g., cutting depth, feed rate, and
swing distance. Under the identical tool wear level, alternation of these parameters
changes the chip morphology as well. This is because alteration of these parameters
changes the position of comparable chip thickness to the width of flank wear land. For
a worn tool, when the radius of its cutting edge is comparable to the chip thickness
of a chip area, the chip will be truncated around this chip thickness-related position.
Therefore, the thickness of cutting chip at its truncation position could be used to
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identify the width of flank wear land. In UPRFC, according to the minimum cutting
depth principle, the chip thickness being cut must be bigger than the cutting-edge
radius of a cutting tool to properly generate a chip. Therefore, to enhance the tool
wear identification accuracy and improve the sensitivity, cutting parameters, e.g.,
cutting depth and feed rate, should be optimized.

According to the identified chip thickness at the chip truncation position, and the
relation curve between chip thickness and wear land width, tool flank wear could be
identified. First, measuring chip width w; and w, at chip truncation place. Secondly,
calculating the chip thickness value and their mean value based on the measured chip
width w; and w,. Thirdly, according to the wear land angle and the mean value of
chip thickness, calculating the width of flank wear land by:

w = ¢,/ cos(8 +y) (15)

where w is the width of flank wear land; c; is the mean value of the thickness of cutting
chip at its truncation position; § is the wear land angle, 40.5° for copper material
here; and y=—2.5° is the tool rake angle. The procedures for the identification of
tool flank wear are shown in Fig. 19.

Moreover, the length of truncated chips could be applied to identify the width of
flank wear land too. Because the chip length is seriously extruded by cutting tools
during the cutting, tool flank wear identification using the length of truncated chips
is not accurate. Therefore, the identified results using truncated chip length should
be corrected carefully to eliminate the tool extrusion effect.

Tool flank wear will form a ‘crescent-like’ wear land, which changes the tool
geometry and retracts the cutting edge, as is shown in Fig. 20. The tool flank wear
occurrence directly influences the form accuracy and roughness of machined surface.

Tool flank wear results in the receding of cutting edge and therefore forms a worn
cutting edge with different tool geometry parameters. Figure 21 shows a schematic
illustration of the cutting edge receding duet to tool flank wear and its effects on the
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surface profile. Because the wear land formed on the cutting edge is quite smooth
(see Fig. 20), the profile of newly formed worn cutting edge is simplified to an arc
with a larger radius. According to the geometric relation, relation between the nose
radius of original tool and worn tool is derived as [39]:

Rsin6
F(R’):arcsin( ;11,1 )R’—QRZO (16)

where R is the nose radius of the original tool, R’ is the nose radius of worn tool, and
0 is the half angle of the wear land.

From Eq. (16), the nose radius of worn tool can be calculated and obtained.
Therefore, the tool-flank-wear-effect-considered surface roughness, e.g., the root-
mean-square roughness (R,) and the maximum peak-to-valley height (R;), could be
calculated by:

4 -
Ry= |2t
72052 " 720R”

1
R =s,+R — E(,/4s5) — f2+/4R"? —rZ) (18)

a7
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Based on Eqs. (17) and (18), the roughness of machined surface under tool wear
could be calculated. However, some factors exist affecting the identification accuracy
of tool flank wear and machined surface quality: First, material rebound during the
cutting influences the measurement accuracy. Secondly, difference between the chip
thickness at its truncation and the width of flank wear land limits the identification
accuracy. The influence of these factors could be reduced by using correct coefficient.

5 Conclusion

This chapter mainly talks about the cutting mechanism and surface generation of
ultra-precision raster fly cutting (UPRFC) process. The influence of material-sliding-
caused vibration, size-effect-caused surface rough pattern, tool wear effects on the
machined surface quality was studied. The present studies found that:

Microwaves were found accumulated in groups on the machined surface with
regular distance and high frequency. The microwaves was caused by material sliding
in chip formation, owing to the inconsistency of chip thickness, the microwaves tends
to accumulate at the surface-exit of each tool feed imprint. The length of microwaves
increases with tool wear progresses, while the group length of microwaves decreases
to become more concentrated. Reduction in chip thickness and tool wear level could
suppress the appearance of microwaves.

Tool wear features and their influences on the quality of machined surface in
UPREFC are evaluated by using cutting chips. Tool fractures are imprinted on both
the chip surface and machined surface as a group of ridge-like signatures, both the
tool fractures and surface topography under that could be rebuilt and evaluated. Tool
flank wear causes cutting chips truncated at the comparable chip thickness to the
width of flank wear land. Through the identification of the thickness of cutting chips
at their truncation position, the width of flank wear land and the surface roughness
changes due to retraction of the cutting edge could be identified, respectively. The
chip-morphology-based tool wear evaluation approach can effectively evaluate tool
wear features and even their effects on machined surface quality.
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Modeling and Experimental Study )
of Surfaces Optoelectronic Elements er
from Crystal Materials in Polishing

Yu. D. Filatov

Abstract Based on investigations of the mechanism of precision surface
formation in workpieces of anisotropic monocrystalline materials for optoelectron-
ics, a generalized model of material removal in polishing with suspensions of polish-
ing powders has been constructed. The removal rate in polishing sapphire planes of
different crystallographic orientations has been found to grow in the series m <c <a
<r with increasing volume, surface area, and most probable size of debris particles
as well as with energy of dispersion of material from the face being polished. A study
of the mechanism of formation of monocrystal planes of different crystallographic
orientations has revealed that in polishing of sapphire the surface roughness param-
eters Ra, Rq, Rmax decrease in the series ¢ >r >m >a with decreasing dielectric
permittivity and thermal conductivity coefficient of the workpiece material, debris
particle height, and Lifshitz constant. As a result, studies of regularities mechanical
polishing optoelectronic components of crystalline materials found that polishing
efficiency decreases with an increase of the binding energy and the transfer energy.
It is shown that the polishing efficiency increases with increasing heat conduction
coefficient of the material being processed, a processed surface road friction element
by lapping and Lifshitz force. It is found that the ratio of the volume wear coefficient
to the temperature conductivity coefficient of the material being processed depends
on the specific heat and the transfer energy. The relative roughness of the treated
surfaces of silicon carbide crystals, gallium nitride, aluminum nitride, and sapphire
is characterized by the ratio: 0.68:0.67:0.63:1.00.

1 Introduction

Finishing of monocrystalline materials is performed through the operations of fine
grinding using diamond and conventional abrasive powders, either loose or bound,
and ultrafine grinding with suspensions of diamond micron powders and powders of
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metal and rare-earth element oxides [1, 2]. Polishing is also carried out through sev-
eral operations—coarse polishing, prepolishing, polishing, and nanopolishing—us-
ing suspensions of diamond powders and polishing powders [2, 3]. In diamond—abra-
sive finishing of precision surfaces of components and substrates of monocrystalline
sapphire, silicon carbide, semiconductor nitrides, optical ceramics, and other crys-
talline materials the high form accuracy and very low surface roughness should be
achieved in a time-stable manner and with a high removal rate [4-6]. The most
important performance parameter of polishing precision surfaces of optoelectronic
components made of monocrystalline materials is the machining quality which is rep-
resented by surface roughness, reflecting and scattering properties of the machined
surface as well as by the formation of a deposit of debris particles and tool material
wear particles [7-12]. An increase in removal rate in polishing the above-mentioned
precision surfaces with mandatory satisfaction of requirements for machined surface
quality can be achieved only by elaborating and implementing new polishing suspen-
sions, and optimization of composition and characteristics of such suspensions is a
task of vital importance [13—15]. Monocrystalline materials including sapphire, sil-
icon carbide, aluminum, and gallium nitrides are finding ever-widening applications
in the manufacture of optoelectronic components (light-emitting diodes, Schottky
diodes, solid-state lasers, microwave transistors, energy-saving devices). Finishing
of monocrystalline materials is carried out using bound diamond and abrasive pow-
ders as well as polishing powder suspensions [4—6]. The polishing operation is per-
formed in several steps (coarse polishing, prepolishing, polishing, nanopolishing,
chemical-mechanical polishing) using polishing tools [16-20], suspensions of dia-
mond and abrasive powders [1, 3], and colloid systems of nano-sized particles of
polishing powders [13-15].

Polished surfaces of optical components must meet the requirements for geomet-
rical accuracy: 3-5 interference rings; for surface roughness: Rz =0.05 pm (as per
GOST 2789-73); for optical purity: PIII-PV (according to GOST 11141-84); or
for machined surface quality: 60—40 to 20-10 (as per U.S. Military Surface Quality
Specification, MIL-PRF-13830B). The epi-ready substrate surfaces must satisfy the
requirements for the crystal plane orientation accuracy (0.2 to 0.5°), dislocation
density ((1-4) x 10° cm~2), micropipe density (Iess than 30 cm~2), structural perfec-
tion (FWHM (full width at half maximum) =30 to 50 arcsecond), as well as “optical”
requirements for out-of-flatness (less than 10 pwm on a diameter of 76.2 mm), and
roughness (Ra =0.3 to 1.0 nm). The newly developed tools with bound polishing
powders provide a fairly high removal rate but, unfortunately, are in principle inca-
pable of meeting the surface quality requirements for components and substrates
of monocrystalline materials for optoelectronics, in particularly because they might
cause defects (scratches, deposits) [11, 12].

In the manufacture of precision elements and substrates of sapphire, silicon car-
bide, gallium nitride, aluminum nitride, and other crystalline materials for opto-
electronic applications, the most difficult final machining operation is polishing [15,
21-23]. The currently available technologies of mechanical polishing are based on the
use of bound-abrasive tools or polishing suspensions and polishing pads with abra-
sive grains localized on their surfaces. Tools with a bound polishing powder, such as



Modeling and Experimental Study of Surfaces ... 131

ceria or diamond micron powder, in a resin or metal bond are used for mechanical
polishing (MP) of optical glass, quartz, and monocrystalline silicon carbide [16, 20,
24]. However, the bound-abrasive tools for MP of elements and substrates for opto-
electronics fail to find wide application for they are not able to ensure stable quality
of machined surfaces. The MP operation during the manufacture of components for
optical and electronic systems most often relies on the use of polishing suspensions
of abrasive powders. Suspensions with diamond micron powders are employed for
polishing sapphire, silicon carbide, and gallium nitride [3, 25, 26]. Mechanical pol-
ishing of monocrystalline silicon carbide is carried out with suspensions of ceria
powders with a grain size less than 1 pm and cubic boron nitride and Ti; A1C; MAX-
phase powders [3, 27-29]. MP removes the major machining stock and produces the
surface with roughness values from a few to dozens of nanometers.

Precision machining of optoelectronic components made of optical and semicon-
ductor crystals (sapphire, silicon carbide, gallium nitride, aluminum nitride, etc.) is
usually performed in several mechanical polishing (MP) and chemical-mechanical
polishing (CMP) operations depending on specific requirements to surface roughness
[1, 3, 14, 21, 22, 25, 29, 30]. The mechanical polishing of optoelectronic compo-
nents can be carried out using bound or loose polishing powders. Tools of ceria
polishing powers or diamond micron powders in resin or metal bonds are used for
the mechanical polishing of optical glass, quartz, and single-crystal silicon carbide
[20, 24, 31]. Such bound-abrasive tools fail to provide the required machined sur-
face roughness with high repeatability during MP of components and substrates for
optical and electronic systems. The MP operations on optical and electronic compo-
nents usually involve the use of polishing suspensions and soft pads, where grains
of polishing powders are localized. Sapphire, silicon carbide, and gallium nitride
are polished with suspensions based on diamond micron powders [3, 14, 25, 26,
30, 32]. The mechanical polishing of silicon carbide is performed using suspensions
of ceria powders with a grain size below 1 pm as well as cubic boron nitride and
MAX-phase Ti3AlC, powders [3, 27-29]. The MP provides the stock removal and
workpiece surface formation with a rms deviation of profile ranging from a few to
dozens of nanometers. The final machining of sapphire, silicon carbide, aluminum
nitride components and substrates, composite AIN/substrates, etc., for optical and
microelectronic applications is accomplished through CMP, where the removal rate
is dozens, or even hundreds of times, lower than that in MP, while the rms deviation of
profile Rg < 1 nm, and the CMP operations are mostly carried out using silica-based
colloid systems [13, 14, 22, 33-35].
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2 Material Removal Rate and Surface Roughness
in Polishing Anisotropic Monocrystalline Materials
for Optoelectronics

2.1 Removal Rate in Polishing Monocrystalline Materials

Nowadays, the removal rate in polishing precision surfaces of optoelectronic com-
ponents using polishing suspensions is determined through the use of a generalized
model of workpiece material removal in polishing. It is based on a cluster model of
frictional wear of solids and a physical-statistical model of formation of debris parti-
cles and their removal from the workpiece surface [18, 19, 36, 37]. The calculation of
workpiece material removal rate Q in polishing involves the use of machining process
parameters (the workpiece-to-pad contact pressure, the velocities of the workpiece
and pad relative motions, the contact area between the workpiece and the polishing
pad, the contact temperatures) and characteristics of the workpiece material and pol-
ishing powder (the thermal conductivity coefficient of the workpiece material, the
debris particle surface area, the mean size of polishing powder grains) and is carried
out by the formula [1, 3]

Q = nLy, (D

where 7 is the volumetric wear coefficient [37] and Ly is the distance of friction of
the workpiece surface over the polishing pad surface.

Depending on the debris particle size d(i) and the duration of contact between the
debris particles and the polishing grains 7., the volumetric wear coefficient 7 in (1)
is given by

)2 . . . .
n=yr, %, where the values of the dimensionless quantity B(i) are defined

as roots m of transcendental equations j’%r_fﬂ(%; = N(il) R /L ydS.%, where N(i) is
the number of ith debris particles on the workpiece surface; S; is the surface area of
the ith debris particle; d is the mean size of polishing grains; S, is the workpiece—pad
contact area; ¢ = % is the dimensionless parameter; A is the thermal conductivity
coefficient of the wg)rk(piece material; T is the contact temperature; p is the nominal
workpiece-to-pad contact pressure; u is the velocity of the workpiece and pad relative
motions [1, 3, 18, 36-38].

The number of the ith debris particles on the surface area S, during the contact
between the polishing grain and the workpiece surface t. =d/u was determined, in

view of their distribution over the surface areas, by the formula

A
N(i) = ——=—S.1.P(i, v), @)
4hg3l;

where A, = h [ Elew-allea@n -6l 4 ig the Lifshitz constant; h=1.054 x 10~
] [Sl(wlk)+53][€2(¢%/k)+€3]
@011 P02k

J sis the Plank constant; wy;, = T s

is the characteristic frequency; 2 € [w1; w5 ]
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is the frequency range; wo1; and wy; are the natural frequencies of molecular frag-
ments of the workpiece and tool materials; /, k are the ordinal numbers of frequencies;
) and w; are the minimum and maximum frequencies; €| and &, are the dielectric
permittivities of the workpiece and tool materials; €3 is the dielectric permittivity
of the polishing suspension; P(i, v) =
the surface areas (the Poisson distribution); v = E,/E. is the distribution parame-
ter; Ep is the bond energy in the workpiece material; E, = hsz [wo1:&1x] s the

2 2
cluster energy; & = > ), [wm ‘;{zm] is the number of molecular fragments, /; is the

thickness of the gap between the surfaces of the polishing pad and the workpiece,
which is filled with the polishing suspension, and is governed by the maximum size
of polishing grains.

Considering that the unit event of surface wear is represented as a transition of
the cluster from the bound state to the free one, the outcome of transitions between
equidistantly located energy levels is the formation of debris particles whose surface
areas can take on some discrete values and the surface area of the ith debris particle is
givenby S; =So(i+1)[1,3]( = 1, N; N is the number of samples; Sy is the minimum
cluster surface area that depends on the workpiece material structure and the number
of molecular fragments &). The most probable value of the debris particle surface area
is determined, in view of the Poisson distribution, by the formula S = Zi S; P(i, v).
A debris particle is represented in the form of a parallelepiped whose side length is
given by the number of molecular fragments & =k k,k3 (ki, k2, k3 are integers) that
make up particle. The most probable size of a debris particle is found by the formula
a, =Y ;d(i)P(i, v). By analogy with the Feret diameter for planar figures, the size
of the ith debris particle is defined as the diameter of a sphere whose surface area is
equal to that of the debris particle according to the formula d(i) = (Si/m)">.

2.2 Polishing of Crystal Planes with Different
Crystallographic Orientation

The removal rate in polishing surfaces of optoelectronic components made of
monocrystalline materials greatly depends on the crystallographic orientation of the
plane being polished [13, 14, 38—40]. Looking at hexagonally structured crystals,
e.g., sapphire (density p =3.98 g cm™3, atomization energy =731 kcal/mol, bond
energy E, =6.3 eV, lattice parameters a =0.4758 nm, ¢ =1.2991 nm, c/a =2.73
[39—41]), we can define how clusters (which turn into debris particles when breaking
away from the workpiece surface) are made up of individual molecular fragments.
In the case of polishing, the plane ¢ [0001] the number of molecular fragments
is dictated by the interplanar spacings Ax = 1.5a, Ay = a~/3, and Az =¢/6 in the
projections on the coordinate axes x, y, and z, respectively; the minimum surface area

of the particles is given by Sy, = a& (3“‘[ + % + fk ) and the distance between

neighbor ¢ planes [. = 0.2165 nm. In polishing the plane a [1120] the number of
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molecular fragments is determined by the interplanar spacings Ax = a~/3, Ay =al/2,
af 2/3¢ + L‘)

kT ok
and the distance between the neighbor a planes [, =0.2379 nm. In the case of
polishing the plane m [1010] (the distance between the m planes is 0.4121 nm) the
debris particles of minimum size are produced when the material located between
the [3030] planes is removed; the number molecular fragments therein is governed
by the interplanar spacings Ax = 1.5a, Ay = a/2+/3 =0.1374 nm, and Az =c, and

the minimum surface area is given by Sy, = a& ( 3z %2_1:2 Ic ) In polishing the

plane r [1012] the number of molecular fragments is determlned by the interplanar

spacings Ax = +/3a?+c2, Ay =3a/2, and Az = zj;{ﬁ’ the minimum surface

. 2402 2, 2 .
area of the particles Sy, = a& (3—1‘2“ ‘,22[ G+ \/‘% ﬁ) , and the distance
3 a C

between the neighbor r planes /, =0.3479 nm.

According to the Gibbs—Curie principle, the equilibrium (most stable) form of
a crystal is the one having the smallest surface energy for a given volume. Put in
other words, the debris particle that has formed in polishing a crystal features the
minimum surface energy o = Y oo, Sen (00 and S, are the surface energy and the
surface area of the nth face, respectively) [42]. Based on the values of the surface
energy for the faces ¢, a, m, and r of sapphire—o ., 04, O0m, and og, [39], we
can determine the surface energy of debris particles in polishing a given crystal face
using the respective formulas:

and Az =c, the minimum surface area of the particles Sy, = aS(

0. = at 3acp./3 N co()m 2C0'0a 3)

‘ k3 \/_ 3k
: 2

0, = Clé aUOL\/§ n \/§CGOLI " COOm : (4)
k3 k> ki
3ace.  2c00,  Tcoon

Om = dé \/_aUO + <% + =l 5 (5)

2 3, 3k

3v3a? + ¢ /3 [ +4a? acVv/3 1 6
or = aé k3 oor k2 2 +3a2 Opa + \/WEOO . ( )

The surface energy of debris particles being removed in polishing of planes c,
a, m, and r, which is determined by formulas (3) through (6), is a function of the
integers ky, k, k3 that govern the dimensions of the particles in their projections on
the coordinate axes x, y, and z.

Proceeding from the condition of the minimum value of o and writing k3 = &/k k>,
we can reduce the determination of numerical values of &y, k», k3 to solving the set
of equations
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To find the size of the debris particles produced in polishing the planes c, a, m,
and r, we solve the set of Eq. (7) to have the values of ki, k», k3 for each plane:
for plane ¢

for plane a
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2 2
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and for plane r

for plane m

m ¢ .
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Given below are the findings of the investigation of polishing sapphire wafers
with different crystallographic orientation using a ¢cBN powder suspension. The
polishing was performed by the conventional technology whereby flat surfaces of
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Fig. 1 Removal rate in 0x1 o'
polishing sapphire planes
with different
crystallographic orientations
versus the debris particle 1.2
surface area
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25-mm-diameter cylindrical windows (21 pieces) discretely fixed on a 230-mm-
diameter block were polished on a 350-mm-diameter pad under the following condi-
tions: the pad speed =40 rpm, the block speed =36 rpm, the frequency of oscillating
motion =45 double pass/min, the workpiece-to-pad contact pressure = 26.2 kPa, the
displacement =30 mm, the hatch asymmetry =5 mm, the hatch length =160 mm,
and mean contact temperature =300 K. We considered the characteristics of sapphire
and cBN (cubic boron nitride) as given below. Natural frequencies of sapphire molec-
ular fragments, which were found by Raman spectra and IR absorption spectra, have
the following values: wy; = 10.8 x 1083871 (573 cm™1), 12.1 x 1013 571 (642 cm™ 1),
and 14.1 x 10" s7! (748 cm™") [40, 43]. Natural frequencies of molecular fragments
of the ¢cBN polishing powder: wp; =19.9 x 103 s7! (1056 cm™!), 20.7 x 103 s~!
(1100 cm™"), and 24.6 x 103 s~! (1304 cm™1) [3, 44].

The static permittivity ¢, and the thermal conductivity coefficient A, nms for
the sapphire plane r were calculated by the formula i: = ic _ iﬂ cos o
(¢ =57.6° is the angle between the planes r and ¢ [39, 41]). The values of the
static permittivity of the sapphire planes c, m, a, and r are 11.5, 9.3, 9.3, and 10.5,
respectively. The static permittivity of cBN is 2.5 [3]. The thermal conductivity
coefficients of the sapphire planes c, m, a, r are 32.5, 30.3, 30.3, 31.5 W m~! K,
respectively.

The results of calculation of parameters of the interaction between the sapphire
wafer flat surfaces of different crystallographic orientation and the polishing powder
KM 05/0 are summarized in Table 1.

Based on the findings of computer modeling of the process of polishing sapphire
planes with different orientations, it has been found out that the removal rate grows
with increasing the most probable size, surface area, and volume of debris particles
(see Table 1) [18, 36]. The dependence of the removal rate for the sapphire planes
m, ¢, a, r on the debris particle surface area (Fig. 1) can be approximated by a linear
function, Q =k;S +b; (k; =1.0 x 10° ms~' and b; =2.1 x 10712 m? s~! are the
coefficients determined by the least-squares technique; the approximation error is
3%).
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Table 1 Results of calculation of removal rate in polishing sapphire workpieces

Parameters

Sapphire plane being polished

m

c

Surface area of
the plane S,
(nm?)

35

7.1

11.0

Surface energy of
the face o
Im~?) [39]

7.126

3.357

3.858

3.456

Surface energy of
a debris particle
Z(dm?)

4.34

4.36

4.31

4.30

Number of
molecular
fragments in the
cluster £ =
kikoks =72

(19-0) x (2-3) x
(1-2)

4x3x6

5 x (9-10) x
(1-2)

(2-3) x 4 x
(7-8)

The most
probable debris
particle size a,
(nm)

4.0

4.5

5.1

5.6

Surface area of a
debris particle S
(nm?)

534

68.0

86.0

104.6

The minimum
surface area of a
debris particle S
(nm?)

27.0

34.4

435

529

Volume of a
debris particle V
(nm?)

9.0

9.2

18.1

28.7

Volumetric wear
coefficient 7 (m?
sfl)

1.7x 1071

1.9x 10~

2.5x 1071

2.8x 10~

Energy of
transfer W

kg™

13.0 x 1010

13.0 x 1010

9.1 x 1010

8.5 x 1010

Removal rate (m?
s~!umh™!)

0.79x 10~11 2.7

0.84x 1071130

1.11x 1071139

1.24x 107143
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Fig. 2 Removal rate in 0-x1 o!!
polishing sapphire planes 3,1
with different mes o
crystallographic orientations
versus the energy of 1.2
dispersion of material of the
face being polished 1oL

0.8

m c
] ]
100 150 200 E; eV

Fig. 3 Removal rate in 0-x10",
polishing sapphire planes mixs!
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crystallographic orientations
versus the energy of 1.2~
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The anisotropy of properties of the monocrystalline workpiece material dictates
the dependence of the volumetric wear coefficient, and hence of the removal rate,
on the crystallographic orientation of the plane (crystal face) being polished. A
relationship between the removal rate in polishing the sapphire planes m, c, a, r and
the energy of dispersion E; =0S, of material of the face being polished (Fig. 2) is
also described by a linear function, Q =kyE; +b, (ky =5.1 x 107" m¥(N-! s71)
and by =5.7x 10713 m? s7! are the coefficients determined by the least-squares
technique; the approximation error is 3%), which demonstrates that the more energy
is spent for the process of dispersion of the workpiece material, the higher the removal
rate in polishing.

The surface energy X of the debris particles produced in the course of polishing
crystal planes with different crystallographic orientation, when multiplied by the
minimum surface area of a debris particle Sy, gives the dispersion energy W, =
%Sy which is spent for producing one debris particle and removing it from the
respective crystal face. The higher this energy, the more intensive the workpiece
material removal in polishing. The dependence of the removal rate in polishing the
sapphire planes m, c, a, r with different crystallographic orientation on the dispersion
energy of debris particles (Fig. 3) can be approximated by a linearly ascending
function of the form Q =k3;W, +b; (k3 =7.1 x 1075 m3 eV~ s7! and b3 =2.4 x
1072 m? s7! are the coefficients determined by the least-squares technique; the
approximation error is 4%).
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Fig. 4 Removal rate in

polishing sapphire planes lgQ@
with different
crystallographic orientations
versus the reduced energy of
transfer
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The removal rate in polishing the sapphire planes m, ¢, a, r depends on the
energy of transfer W =AT/np (J kg~!), which represents the energy transferred
by debris particles from the workpiece surface to the contact zone. Considering that
the energy of transfer W depends on the conditions and kinematic parameters of the
polishing process, rheological characteristics of polishing powder suspensions, and
on the thermal conductivity coefficient of the workpiece material, it is conventional
to use the value of the reduced energy of transfer Wy = (\gg/N)W, which represents
the contribution of debris particles to the transfer of energy in polishing sapphire
relative to polishing of a reference material—K8 grade optical glass that has Agg =
0.95Wm~'KY[l,3,37]. The dependence of the reduced energy of transfer Wy in
the logarithmic scale is written as the linear function logQ = —k3logWy + b3 (k3 =
0.95 and b3 = —1.97 are the coefficients determined by the least-squares technique),
which permits assessing the efficiency of the polishing process using the energy of
transfer as a criterion [1, 3] (Fig. 4).

The values of the reduced energy of transfer, which are typical of polishing sap-
phire planes with different crystallographic orientation using KM 05/0 polishing
powder suspensions, fall into the interval 9.4 <logW, <9.6 that corresponds to the
classical process of polishing optical surfaces [1, 3, 37]. The relative removal rate in
polishing sapphire planes with different crystallographic orientations (in relation to
the plane m) g = Q/Q,, is characterized by the ratio g,, : g, : q, : g¢- = 1.00 : 1.06 :
1.41 : 1.57 and grows in the series m<c <a <r.

A study of the influence of crystallographic orientation of the workpiece plane
on the removal rate in polishing sapphire [45] revealed a trend of increasing removal
rate in the series ¢ <a <r, which agrees with the ratio given above. The experimental
measurement of the removal rate by the weight method has demonstrated that in
polishing the sapphire planes r, a, and ¢ using suspensions of diamond powders
RDDM 4-8, RDDM 2-4, RDDM 0.25-0.50 polishing pads of a rubber material
and pitch—rosin compound [45] the ratios between average values of removal rate for
these planes are ¢,/q, =1.15, q,/q. = 1.53, q,/q. = 1.33, respectively, and practically
coincide with the theoretical ratios (g,/q,); =1.11, (g,/q.); =1.48, (q./q.); =1.33
(the discrepancy between the calculated and the experimental data is within 4%).
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2.3 Polished Surface Roughness of Optoelectronic
Components Made of Monocrystalline Materials

The formation of debris particles and their removal from the workpiece surface
occurs due to accumulation of vibrational energy E. in the cluster that consists of &
molecular fragments, until it exceeds the bond energy E; of workpiece material. A
debris particle is a parallelepiped whose side length is governed by the numbers k/,
ko, k3 and by the number of molecular fragments £ =k k,k3 in the debris particle.
To determine the volume removed in polishing, the most probable size of debris
particles is found from the minimum surface area Sy that depends on the workpiece
material structure and the number of molecular fragments & and is described by the
Poisson distribution P (i, v) with the parameter v =E,/E. [3, 9, 38]. The size of the
ith debris particle is defined as the Feret diameter, based on the condition of equality
of surface areas of the sphere and the debris particle in accordance with the formula
d(i)=[So(i +1)/7]"* [38].

In the study of nanoprofile of polished surfaces, the above approach to the assess-
ment of debris particle size is absolutely unacceptable for the height of irregular-
ities depends not on the three numbers ki, k», k3, but only on the number that
governs the number of material layers removed in polishing of planes with dif-
ferent crystallographic orientation and different interplanar spacings. Therefore, the
height of the profile irregularities z(x) of the workpiece surface is dictated not by
the debris particle sizes d(i) but by the height of the corresponding parallelepipeds
h(i), which is perpendicular to the plane being machined, and by its most probable
value h, = ), h(i)P(i, v). The sampling length for the determination of surface
roughness is determined by lengths of projections of debris particles on the plane
being machined /(7). These parameters can be calculated based on the unit cell sizes
of the lattice (the parallelepiped of the smallest surface area) and the numbers k1, k»,
k3 (Table 2). The height of the profile irregularities z(x), depending on the coordinate,
is described by the formulas proposed in [3, 46], after d(i) is replaced with the debris
particle height A(7), and is given by the equation

B [ % o, (V2K + D [htk) |
{0 =k, (h(ko)) ’ Z [ O, (V2K + 1) | ko) ] e

o2 (x — hko) + Z,- h(ki)/2Kk; + 1])
ki

h(k;) ®

where x € [0, L] is the coordinate; L = GI, is the sampling length of a model profile
chart; G is the number of debris particles; [, = ), I(i)P(i, v) is the most prob-
able size of the debris particle projection; k; is the random sequence of numbers,
which is generated in accordance with the Poisson distribution and dictates the order
of formation and sequence of their positioning on workpiece plane along the sam-
pling length; ®; is the parabolic cylinder function. The derived Eq. (1) describes a
nano-sized relief in the form of a stepped-terrace structure arising due to removal of
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Table 2 Characteristics of workpiece surface and debris particles, parameters of interaction
between sapphire and cBN polishing powder, and polished surface roughness parameters

Characteristic, Sapphire plane being polished
parameter
m c a r
Number of k1 =16 k1 =4 kl =5 kl =2-3
molecular
fragments in the
cluster £ =
kikaoks =72
ky =4-5 kr =3 k» =9-10 ky =4
ky =1 k3 =6 ky =12 ky =7-8
Unit cell Lx =1.374 Lx =7.137 Lx =8.241 Lx =15.384
dimensions (A)
Ly =17.137 Ly =8.241 Ly =2.379 Ly =17.137
Lz =12.991 Lz =2.165 Lz =12.991 Lz =3.479
Debris particle 2.997 3.543 3.082 3.559
height 4, (nm)
Projection of a 4.724 5.150 6.216 6.532
debris particle on
the workpiece
plane /,, (nm)
Lifshitz constant | 5.6 (35) 9.3 (58) 5.6 (35) 7.7 (48)
Ap (10721]
(meV))
Surface area of a | 53.4 68.0 86.0 104.6
debris particle S
(nm?)
Volumetric wear | 1.7 x 107! 1.9x 1071 2.5x 1071 2.8x 10711
coefficient n
(m?/s)
Density of 10.4 13.7 6.5 7.4
vibrational
energy yx x 10°
(J/m?)
Polished surface roughness
Ra (nm) 6.8+0.2 8.2+0.1 6.7+0.2 8.0+0.2
Rg (nm) 72403 8.8+0.1 7.34+0.3 8.6+£0.3
Rmax (nm) 12.1£1.5 148+1.4 129+£1.0 144417
Minimum allowable surface roughness parameters
Rag (A) 0.687 1.083 1.190 1.740
Rqo (A) 0.971 1.531 1.682 2.460
Rmaxg (A) 1.374 2.165 2.379 3.479
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parallelepiped-shaped debris particles from the crystallographic plane being pol-
ished, provided that the surface roughness parameters are close to the distance
between neighbor sublattices in the lattice cell [47, 48]. Using the computer modeling
of nanoprofile of a polished surface, the following roughness parameters are deter-
mined: arithmetic average deviation of the profile Ra = % fOL Z(x)dx, root mean

squared deviation of the profile Rg = 4/ % fOL [z(x)]*dx(rms), and maximum height
of the profile Rmax.

In the course of polishing sapphire monocrystals (density p =3.98 g/cm?; bond
energy E;, =6.3 eV, lattice constants a =0.4758 nm, ¢ =1.2991 nm [41]), some
debris particles consisted of & =k k,k3 molecular fragments break away from the
workpiece surface. In polishing planes with different crystallographic orientation, the
surface area of the debris particles being formed depends on the number of molecular
fragments and interplanar spacings. In the case of polishing, the planes c, m, a, and
r the minimum surface area of the debris particles is given by the formulas [38, 49]

3a\/§ c 2¢
Soc =aél ——+ —+ —|; 9
o é( Pl ﬁ]q) ©)
a\/g 2c Tc
Sm = 51 - 1> 10
0 “5(21(3 +3k2+3k1) (19)
av3 2J3¢ ¢
Soa = — 1 11
0 aé( I + I +k1) (11)

g 3V3a2+c2  c/3 [ +4a? acy/3 1

o = af k3 * ka 02+302+k1m 7 (12)
and the respective interplanar spacings are /[, =0.2165 nm, /,, =0.1374 nm, [, =
0.2379 nm, and /, =0.3479 nm [38, 49]. Based on the minimum surface area accord-
ing to the Gibbs—Curie principle of equilibrium crystal form [38, 42], for faces c,
m, a, and r we found the values of ki, k, k3 and, using formulas (9) through (12),
calculated the minimum surface areas Sy of debris particles and their most probable
values S = )", So(i + 1)P(i, v) (see Table 2).

The computer modeling of the interaction between clusters on the polishing grains
and on the workpiece surface during the polishing of sapphire planes of different crys-
tallographic orientations has revealed that the polished surface roughness parameters
Ra, Rq, Rmax grow linearly with increasing permittivity & and thermal conductiv-
ity coefficient A. The dependence of the roughness parameters Ra, Rg, Rmax on
the crystal permittivity along the direction perpendicular to the respective plane has

Ra
been approximated by linear functions of the form Rq = o€ + B, where

Rmax
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Fig. 5 Surface roughness parameters Ra (s), Rg (d), Rmax (u) of the sapphire planes with different
crystallographic orientations versus dielectric permittivity

0.71 0.25
ap =] 0.76 | nm, 8; = | 0.30 | nmare the coefficients found by the least-squares
1.11 0.27

method; the approximation error is 2-3% (Fig. 5).
The dependence of the roughness parameters of the sapphire planes m, c, a, and r
on the thermal conductivity coefficient along the direction perpendicular to the planes

Ra
has been approximated by linear functions of the form| Rg = ap X — By, where
Rmax
0.7 14.6
ar =108 |x10°W!m?K, B, =| 15.6 | nmare the coefficients determined
1.1 21.1

by the least-squares method; the approximation error is within 3% (Fig. 6).

In polishing monocrystal planes of different crystallographic orientations using
a polishing suspension, the formation and removal of parallelepiped-shaped debris
particles with a height multiple of the respective interplanar spacings occur due to the
interaction between the workpiece surface and the pad surface with fixed polishing
powder grains; this interaction is characterized by Lifshitz fluctuation forces [50].
During the interaction between the sapphire planes and the polishing powder (KM
0.5/0) layer on the pad, the thickness of the gap between them is /o = 0.5 wm. The
wavelength corresponding to the range of natural vibrations of molecular fragments
of sapphire and cBN polishing powder—from 573 to 1304 cm™! [15, 43]—is Ao =
7.7-17.5 pm. On the condition that [, << X the Lifshitz force F;, = Sj—;lo (AL is
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Fig. 6 Surface roughness parameters Ra (s), Rg (d), Rmax (u) of the sapphire planes with different
crystallographic orientations versus the thermal conductivity coefficient

the Lifshitz constant [3, 50, 51]) is about 0.5 mN/m?. The Lifshitz constant A; (J)
represents the energy of interaction between clusters on the polishing powder grains
and on the sapphire workpiece surface and is assessed to be dozens of meV (see
Table 2).

Figure 7 shows the dependence of the roughness parameters Ra, Rg, Rmax of
the sapphire polished planes m, c, a, and r on the Lifshitz constant A7, which can

Ra
be approximated by linear functions of the form Rq = a3A + 3 where
Rmax
4.2 4.5
(a3 = | 4.5 | x 10" N7!, B3 = | 4.8 | nm are the coefficients; the approximation
6.6 8.9

error is 2-3%.
The dependence of the roughness parameters of the sapphire planes m, ¢, a, and
r on the most probable value of the debris particle height &, (the projection of the
particles along the direction perpendicular to the planes) has been approximated by
Ra 2.6
linear functions of the form| Rg = oghy, — By where g = | 2.8 | nm, B4 =

Rmax 4.2
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Fig. 7 Surface roughness parameters Ra (s), Rg (d), Rmax (u) of the sapphire planes with different
crystallographic orientations versus the Lifshitz constant
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Fig. 8 Surface roughness parameters Ra (s), Rg (d), Rmax (u) of the sapphire planes m, ¢, a, and

r versus the debris particle height

1.1
1.3
0.2
error is within 2% (Fig. 8).

h,, nm

nm are the coefficients found by the least-squares method; the approximation
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During the polishing of monocrystalline materials, the following processes occur
simultaneously: the removal of workpiece material—the mass transfer process repre-
sented by the volumetric wear coefficient i (m?/s) that depends linearly on the most
probable surface area of debris particles S [38, 49] (see Table 2); and the formation
of the surface nanorelief—the process of removal of debris particles from the work-
piece surface, which is characterized by the roughness parameters Ra, Rg, Rmax
that depend linearly on the Lifshitz constant (see Fig. 7). The ratio of the parameters

S o

(n/Ra) that represent these processes is given by z- = as = y—z where o5 is the

proportionality coefficient, y; = % is the density of vibrational energy of interaction
between the polishing powder and the workpiece material.

Figure 9 illustrates the dependence of n/Ra on y;l (see Table 2). When represented
in inverse coordinates, this dependence is a linear one and can be approximated by a
linear function of the form - = (x;‘yk_l +Bs whereat = 1.9x 1077, N/sBs = 8.4 x
10~* m/s are the coefficients found by the least-squares method; the approximation
error is within 4%). It follows from Fig. 9 that the ratio n/Ra decreases by the
hyperbolic law with increasing density of vibrational energy of interaction between
the polishing powder and the workpiece material, which is characterized by the
energy of interaction between clusters on the polishing powder grains and on the
workpiece surface (the Lifshitz constant [51]) related to the surface area of debris
particles.

The surface roughness in the case of polishing the sapphire planes a, m, r,
and ¢ of different crystallographic orientations (with respect to the plane c¢ that
is perpendicular to the crystal optic axis) R =Ra/Ra, is represented by the ratio
R,:R,:R,:R.=0.81:0.83:0.97:1.00.

A study of the mechanism of polishing of the sapphire planes a, r, and ¢ using
RDDM 0.25-0.50 diamond powders on polishing pads made of a rubber material
[45] revealed that the Ra values of these planes were 5.4, 6.2, and 7.5 nm, and their
ratios were R, : R, : R, = 0.72 : 0.83 : 1.00 and Ra,/Ra, =0.87, which confirm
the obtained ratios R, : R, : R. = 0.81 : 0.97 : 1.00 and Ra,/Ra, =0.84 (the
respective deviations of the experimental and calculated data are 16, 12, and 4%).
When investigating the influence of crystallographic orientation of the sapphire plane
being machined on the removal rate and surface roughness in chemical-mechanical
polishing, Budnikov et al. [14] revealed a general pattern of decreasing removal rate
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Fig. 10 Polished surface sapphire (plane a) condition: Mod. Micron-Alpha non-contact interfer-
ence 3D roughness measuring instrument

and surface roughness parameters in the series ¢ >r >a, which is consistent with the
above-mentioned ratio.

In the experimental assessment of surface roughness of the planes a and ¢ of
the sapphire windows polished under the above-mentioned conditions, which was
performed using a MarSurf PS1 roughness measuring instrument (Mahr GmbH,
Germany) and a Micron-Alpha non-contact interference 3D surface contour recorder,
we have obtained the following Ra values: 6.5 & 1.4 nm for the plane a (Fig. 10) and
8.6+0.7 nm for the plane c; their ratio Ra,/Ra. =0.76 slightly differs from the
calculated value 0.81 (the deviation being 6-7%).

As the debris particles whose height 4, is 3.0-3.6 nm (see Table 2) and which
consist of dozens of elementary fragments are formed and removed from the surface
of the sapphire planes a, m, r, and c, a polished surface is produced whose rough-
ness is assessed by the parameters Ra =6.7-8.2 nm, Rg=7.2-8.8 nm, and Rmax =
12.1-14.8 nm (see Table 2). A different situation is observed when the debris parti-
cles formed on the workpiece surface consist of one or a few elementary fragments.
The material removal in polishing, which is essentially an opposite process to the
crystal growth, may result in producing either atomically rough or atomically smooth
surfaces in as per the Jackson criterion [52] according to which the surface entropy
factor is defined as o = ,;—’”T, where z is the total number of possible bonds a cluster
has with its nearest neighbors in the crystal; w is the energy of interaction between the
clusters on the polishing powder grains and on the workpiece surface; T is the mean
temperature in the workpiece—tool contact zone; kz =1.38 x 1072* J/K is Boltz-
mann’s constant. The machined surfaces for which « >5.3 are atomically smooth,
while the surfaces for which o <2 are atomically rough. In polishing the sapphire
planes m, c, a, and r (the total number of bonds z =4), with T =300 K and inter-
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Fig. 11 Dependence of R
allowable limit values of R
surface roughness R
parameters Rag (s), Rqo (d),

Rmax( (u) on the interplanar 3F
spacing in polishing the
sapphire planes m, c, a, and r

action energy w =Aj, (see Table 2), the calculated values of the Jackson factor o =
5.4,9.0, 5.4, 7.4 are higher than 5.3. This means that atomically smooth surface can
be produced in polishing the sapphire planes m, c, a, and r.

In the case of chemical-mechanical polishing of sapphire using colloid systems of
nanoparticles of polishing powders, it is possible to achieved a surface with angstrom-
sized roughness: the polished planes m, a, ¢ have the roughness parameters Rg=3 A
[13]; Ra <3 A [14] and Rg =2.3 A [15]; Ra =2.9 A and Rq =3.6 A [53]. To
define the minimum allowable values of surface roughness parameters of atomically
smooth surfaces, we should make an evident assumption that min{Ra, Rq, Rmax }
corresponds to the minimum number of steps in the plane (one), and that the height of
such step £ is equal to (multiple of) the interplanar distance [ which is 2.165, 1.374,
2.379, and 3.479 A for the sapphire planes c, m, a, and r, respectively. In this context,
h,x <L/2
0,x >L/2 ’

and the surface roughness parameters are Rag =h/2, Rqgy = h /«/5, and Rmax,
=h, respectively. The minimum allowable values of roughness parameters for the
sapphire planes m, c, a, and r are given in Table 2. Noteworthy is that in polishing the
sapphire planes of different crystallographic orientations their roughness depends on
the Lifshitz constant and decreases in the series ¢ >r >m >a. On the other hand, this
trend is not valid for the minimum allowable values of the roughness parameters for
atomically smooth surfaces for which we observe a linear dependence on the value
of the interplanar spacing and a decrease in the series r >a >c >m (Fig. 11).

Nanopolishing provides the following minimum allowable surface roughness
parameters: Ray =0.69-1.74 A, Rgy =0.97-2.46 A, and Rmax, = 1.374-3.479 A,
which are consistent with the physical meaning and agree with the crystal lattice
parameters of sapphire. The values of surface roughness parameters of various sap-
phire planes [13-15, 41, 45, 53], which are achieved at various stages of polishing,
are in good agreement with the values given above.

the profile of such a surface is represented by the function z(x) =
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3 Mechanical Polishing Optoelectronic Components
of Crystal Materials

According to the cluster model, the concentration of debris particles (DP) on the
workpiece surface is governed by the fluctuation forces of interaction (Lifshitz forces)
that arise within a unit area of contact between the workpiece and the polishing pad
and are represented by frequency-dependent permittivities [30, 36, 38, 54]:

n(i) = %iop(i, V), (m~2s7), (13)

where F; = 2 is the Lifshitz force (N/m?) [1]; & = [ Erlew—alle@o-alye

87203 o1 [e1(wi)+esllea (@i )+es]
the dispersion function of permittivities [3, 50, 54, 55].
The investigation of the process of mechanical polishing of crystalline materials
using polishing suspensions was carried out on the following assumptions:

— polishing grains are localized on the pad surface at the level of maximum height
of profile irregularities (the active particles) or inside the surface microvoids (the
inactive particles) [56];

— the formation of debris particles results from the action of Lifshitz forces (the
intermolecular interaction between the workpiece and pad surfaces);

— debris particles are formed in case the cluster energy exceeds the bond energy of
the workpiece material (E.; > E}, [54]);

— the thickness of the polishing suspension layer between the pad and the workpiece
is determined by the polishing grain size, is almost independent of the suspension
flow characteristics, and meets the condition [y << Ag [50] (g is the wavelength
whereby the substantial absorption is observed).

Mechanical polishing of flat surfaces of optoelectronic components was per-
formed by the conventional technology. Wafers of monocrystalline silicon carbide
SiC (the surface area to be machined S, =10.2 cm?), gallium nitride GaN (S,
=8.1 cm?), aluminum nitride AIN (S, =26.0 cm?), and sapphire Al,O3 (S, =
16.8 cm?), which were discretely fixed on a block of diameter 60 mm, were pol-
ished using a suspension with ACM 2/1 diamond micron powders on a polishing
pad of diameter 100 mm with a contact pressure of 50.5 N, speed 90 rpm, stroke
displacement 30 mm, stroke length 50 mm, and average contact temperature 300 K.

The main physical properties of silicon carbide, gallium nitride, aluminum nitride,
and sapphire are summarized in Table 3 [1, 3, 29, 38, 57-60]. We also took into
consideration the following physical characteristics of the diamond powder: natural
frequencies of molecular fragments wg, 1135 and 1332 cm™!, static permittivity of
diamond 2.5 [3, 30].

In polishing of plane ¢ [0001] of crystalline materials with a hexagonal structure
(SiC, GaN, AIN, and Al,0O3), the number of molecular fragments in a debris particle
is denoted by £ and its surface area is given by S(i)=So(i + 1) (Where i = 1, N, N is
the number of samples, Sy is the minimum surface area) [3, 29, 38]. Table 4 gives the
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Table 3 Physical properties of workpiece materials

Yu. D. Filatov

Parameter Material
SiC GaN AIN AlLO3
Density p 3.21 6.15 3.26 3.97
(g/em?)
Bond energy Ej, 32 5.4 6.2 6.3
(eV)
Static 6.5 9.5 8.5 11.5
permittivity &
Thermal 490.0 130.0 200.0 325
conductivity A
(W/(m K))
Specific heat 690.0 491.0 748.0 750.0
capacity ¢,
(J/(kg K))
Thermal 22.1 43 8.2 1.1
diffusivity x x
10° (m?/s)
Natural 794.0 144.0 248.6 573.0
frequency wo;
(em™)
1000.0 531.8 611.0 642.0

558.8 657.4 748.0

567.6 670.8

734.0 890.0

741.0 912.0

calculated values of the dispersion function of permittivities @, which represents the
interaction forces F'; (the Lifshitz forces) that act within a unit contact area between
the crystalline material surface being polished and the pad surface, as well as the
dimensionless parameter 6. The data of calculations and experimental determination
of removal rate and machined surface roughness in mechanical polishing of SiC,
GaN, AIN, and Al,O3; wafers were obtained by following the procedures described
in[1, 3,5, 8, 29, 38, 46].

Analysis of the data given in Tables 3 and 4 has revealed some regularities of
mechanical polishing of crystalline materials. Figure 12 shows, in the semi-log scale,
the removal rate versus the bond energy of the workpiece materials. This relation has
been approximated by a linearly decreasing function InQ = —kE; +b; (where k
=0.26 eV~!, by =-25.3 are the coefficients found by the least-squares method; the
approximation error is 1%). It confirms the activation nature of the stock removal
process and the exponential dependence of the removal rate on the bond energy of
the workpiece material in line with the cluster model [36, 54].

The relation between the removal rate in polishing of the materials at hand on
their thermal conductivity coefficient A can be approximated by a linearly increasing
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Table 4 Results of calculation of removal rate in polishing of crystalline materials
Parameters of Workpiece material
interaction with
ACM 2/1
polishing powder
SiC GaN AIN Al,O3
Dispersion 1.9 2.5 1.4 1.5
function
@ x 10713 (s7h
Lifshitz force F; |5.2 34 33 3.0
(wPa)
Parameter 6 1939.0 572.0 881.0 143.0
Number of 27.0 62.0 57.0 73.0
molecular
fragments &
Volumetric wear | 2.5 2.6 1.3 1.1
coefficient n x
101 (m?/s)
Energy of 18.5 2.4 15.0 22
transfer W x
10~ (J/kg)
Removal rate in polishing Q
Calculated 4.2(14.8) 2.7 (12.0) 233.2) 1.6 (3.4)
(10712 m3/ss
(wm/h))
Experimental 0.8 (15.5) 1.0 (12.4) 0.4 (3.0) 0.4 (3.9)
(mg/min (Lm/h))
Calculation error | 4.0 7.0 3.0 11.0
(%)
Fig. 12 Removal rate in nQ
polishing as a function of the
workpiece material bond 26k
energy: calculation (s), —26
experiment (u), O
approximation (—)
=271 d
o
1 1
3 4 6 E,, meV

function Q =k, \+b, (where k, =53 x 1075 J7' Km*, b, =1.6 x 10712 m3/s
are the coefficients determined by the least-squares method; the approximation error
is 10%). Figure 13 illustrates a more general relation between the removal rate and
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Fig. 13 Removal rate in 0-102,

polishing of crystalline m’/s

materials versus the

parameter 6: calculation (s), 8
experiment (u), 4

approximation (—)

0 0.5 1.0 15 ox10°

the dimensionless parameter 6. It can also be approximated by a linearly increasing
function of the form Q =k30+b; (where k3 =1.4 x 10~ m3/s, b3 =1.5 x 1072
m?/s are the coefficients found by the least-squares method; the approximation error
is 10%).

This relation shows that the removal rate in mechanical polishing of the materials
under study depends on the thermal characteristics of the workpiece material, work-
piece design parameters, machining conditions and kinematic parameters which are
represented by the dimensionless parameter 6, in full agreement with the physical-
statistical model of formation and removal of debris particles from the workpiece
surface [5, 37, 38].

Its has been also found out that the removal rate in mechanical polishing essentially
depends on the energy of interaction between clusters on the polishing grains and on
the workpiece surface, which is represented by the Lifshitz forces [50] acting within
a unit contact area between the interacting surfaces. These forces are expressed in
terms of the Lifshitz constant A; according to the formula F; = 87‘?2ng (where
is the distance between the workpiece and pad surfaces) [29, 38]. The dependence
of the removal rate on the Lifshitz force, which is given in Fig. 14 for diamond
polishing of silicon carbide, gallium nitride, aluminum nitride, and sapphire, has
been approximated by a linear function Q =k4F| +by (kg =1.1 X 107° W m®,
by =-1.3 x 107'2 m%/s are the coefficients found by the least-squares method;
the approximation error is 3%). Using this formula, we can assess the minimum
(threshold) value of the Lifshitz force whereby stock removal occurs in polishing:
Fl = —(bylky)~1.2 x 1076 N/m?.

Also, it has been demonstrated that the removal rate in polishing of crystalline
materials depends on the transfer energy W (see Table 4) that represents energy
expended to remove a unit mass of the workpiece material from the workpiece
surface [37]. Figure 15 shows the removal rate versus the reduced transfer energy W,
= (\gg/N)W that characterizes the contribution of debris particles to the transfer of
heat energy during mechanical polishing of sapphire, silicon carbide, gallium nitride,
and aluminum nitride against the case of polishing a reference material (optical glass
K8 whose thermal conductivity Agg is 0.95 W/(m K) [1, 3, 38]. This relation is
expressed, in the semi-log scale, by the linearly decreasing function: logQ =—kslgWy
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Qx10"
m’/s

|
3 4 5 Fpx10°
N/m?

Fig. 14 Removal rate in polishing of crystalline materials as a function of the Lifshitz force:
calculation (s), experiment (u), approximation (—)

lgQ
O ©
12k SE
_14
| | |
9.2 9.4 9.6 9.8 g,

Fig. 15 Removal rate in polishing of polycrystalline materials versus the reduced transfer energy

+bs (where ks =0.3, bs = —8.7 are the coefficients determined by the least-squares
method; the approximation error is 1%), which permits assessing the efficiency of
mechanical polishing of crystalline materials using the transfer energy as a criterion
[3].

The study of the mechanism of polishing of nonmetallic materials as a trans-
fer phenomenon, which was carried out by applying the physical-statistical model
of formation and removal of debris particles from the workpiece surface [37], has
enabled us to derive an equation that relates the volumetric wear coefficient 1 to
the thermal conductivity coefficient A, contact temperature, and transfer energy: n
=AT/(pW). This equation suggests that the volumetric wear coefficient n (and thus
the removal rate in mechanical polishing) is inversely proportional to the transfer
energy W, which is further supported by the data given in Fig. 15. In addition, the
equation shows that between the coefficients n and A there is a relation which is also
confirmed by the linear dependence of the removal rate on the thermal conductivity
coefficient.

The analysis of the well-known expressions that relate the transfer coeffi-
cients—thermal diffusivity, diffusion constant, and viscosity/density ratio, whose
dimension is the same as that of the volumetric wear coefficient (m?/s)—has revealed
that the ratio between the volumetric wear coefficient n and diffusivity coefficient x
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Fig. 16 Reduced transfer energy of crystalline materials in mechanical polishing

= AM(pc,,) (where ¢, is the specific heat capacity; p is the workpiece material density)
depends on the transfer energy W and is given by
n c, T

= (14)

. . . 1%
Using the expression for the transfer energy Wy, Eq. (14) can be written as CP—(} =

(%) (f—]), while the dependence of the function ¢ = ¢,T (Ags/A)(x/n) on the

reduced transfer energy can be approximated by the linear function ¥ = k¢ Wy +bg ~
Wolke = 0.96 ~ 1,bg = 1.2 x 108 J/kg are the coefficients found by the least-
squares method; the approximation error is 3%). The resulting expression ¥ =W
suggests the validity of Eq. (14) that defines a relation between the volumetric wear
coefficient and thermal conductivity coefficient as a function of specific heat capacity
and transfer energy of the workpiece material and temperature in the contact zone
between the workpiece and the polishing pad.

The diagram in Fig. 16 shows, in the log scale, the transfer energy values typical
of the process of mechanical polishing of silicon carbide, gallium nitride, aluminum
nitride, and sapphire crystals as well as the horizontal lines logWy =9 and logW,
=10, which are characteristic of the respective processes of ultrafine grinding and
polishing of precision optical surfaces [1, 3, 38].

From the values of the reduced transfer energy (see Fig. 16), we can infer that
when the suspension of ACM 2/1 diamond micron powder acts on the workpiece
surface of the crystalline materials at hand by the conventional technology, the stock
removal occurs through the classic polishing mechanism (9 <logW <10). The rel-
ative removal rate in mechanical polishing of silicon carbide, gallium nitride, and
aluminum nitride crystals, g = Q/Q (where Qy is the removal rate in polishing of sap-
phire), is represented by the ratio gsic : gcaN : AN : Gsapphie = 2.6 : 1.7 : 1.4 : 1.0
(while the experimentally found ratio is 2.4:1.6:1.2:1.0; the mean deviation of the
calculated data from the experimental ones is 8%).
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4 Surface Roughness of Optoelectronic Components
in Mechanical Polishing

Mechanical polishing is a transfer phenomenon whereby both the material removal
and surface roughness generation result from the formation of debris particles and
their removal from the workpiece surface. The removal rate is determined by the
volumetric wear coefficient [29, 30, 37, 38], while the machined surface roughness
parameters depend on the size of debris particles being removed from the workpiece
surface in the process of polishing [3, 5, 8, 46, 49].

We studied the mechanism of the nanoprofile generation in optoelectronic crys-
talline materials under the action of a polishing suspension on the assumptions that
the abrasive powder grains are localized on the surface of a polishing pad or at the
level of maximum height of profile irregularities or in the micropores of the sur-
face [56], and that the debris particles are formed through intermolecular interaction
between the workpiece surface and the pad surface. A debris particle consists of
molecular fragments and has the shape of a parallelepiped whose side lengths are
given by ki, ka, k3, [54, 61]. The height of irregularities of the workpiece surface is
governed by the debris particle size d(i) or by the dimensions of the corresponding
parallelepipeds h(i), while roughness width cut off is given by the lengths of the
debris particle projections on the workpiece surface plane /(7). The surface rough-
ness parameters Ra, Rq, and Rmax were found by calculations using model profile
charts plotted by means of computer modeling [3, 49, 61].

In the case of polishing the plane ¢ [0001] of the crystalline materials SiC, GaN,
AIN, and Al,O;3 that have a hexagonal structure with interplanar spacings L, =
1.5a, L, = a+/3 and L, =c/6, the debris particle dimensions are found by the
formulas: [, =k Ly, I, =k;L,, [, =k3L,. Since the surface area of debris particles
S; =So(i +1),i = 1, N, N is the number of samplings [3, 29, 30, 38, 49], their
dimensions can be represented by the most probable size a, = Y, d(i)P(i, v),
the height of parallelepipeds A(i) &~ ho(i +1)"?, and its most probable value 4, =
> h(i)P(i, v), as well as the length of particles projections on the workpiece surface
plane I(i) ~ [(I? +l§)(i+ 1)]"2 and their most probable value [, = Y, [(i) P(i, v). The
calculated values of the number of molecular fragments &, unit cell dimensions,
most probable values of the debris particle size are summarized in Table 5. The
surfaces of samples of crystalline materials SiC, GaN, AIN and Al203 (plane c),
treated by mechanical polishing with a polishing suspension of diamond powder
and powders of chromium oxide and cubic boron nitride, are shown in Figs. 17, 18,
19 and 20 (Optical microscope Mod. “LOMO-METAM R-1” with Vision camera
“STD-Res Series”). Analysis of the data given in the table has revealed the following
regular patterns of the workpiece surface nanorelief generation during the mechanical
polishing of crystalline materials. Figure 21 shows the surface roughness parameters
Ra, Rq, and Rmax versus the most probable debris particle size a,. These plots can

Ra

be approximated by the linear functions: Rq = aia, + Bi, where o) =

Rmax
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(a) (b)

Fig. 17 Polished surface SiC condition: a diamond powder, b chromium oxide powder

(a) (b)

Fig. 18 Polished surface GaN condition: a diamond powder, b chromium oxide powder

2.0 32
2.1 |, 1 = | 3.3 | nm are the coefficients found by the least-squares method;
2.8 7.3

the approximation error is within 2%. Hence, the smaller the debris particles being
removed from the workpiece surface of the crystalline materials SiC, GaN, AIN, and
Al, O3, the lower the surface roughness height parameters. The MP-machined surface
of these materials is represented by the minimum roughness parameters: Ra ~ 3.2 nm,
Rg~3.3nm, and Rmax =~ 7.3 nm. The linear dependence of the roughness parameters
on the most probable debris particle size is the fundamental factor for the mechanical
polishing processes and is fully consistent with the experimental findings in polishing
single-crystal silicon carbide using suspensions based on diamond micron powders,
cBN powders, and MA X-phase Tiz AIC, powders with various grain size distributions
[1, 3].

Figure 22 shows the surface roughness parameters Ra, Rg, and Rmax versus the
most probable debris particle height %,. These relations can also be approximated by

. . R 2.
the linear functions: (RZ) = oph, and Rmax = ay,,h, + B2, where oy = (2 2),
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Table 5 Results of calculation of workpiece surface roughness

157

Parameter Workpiece material
SiC GaN AIN AL O3
Number of 27 62 57 73
molecular
fragments in a
debris particle &
=kikoks
k1 =4 k1 =4 k1 =34 ky =4
ko =2 ko =12 ky =12 ky =3
ky =34 k3 =10 k3 =10 k3 =6
Unit cell Ly =4.610 L, =4.784 L, =4.668 L, =7.137
dimension (A)
L, =5.323 Ly, =5.524 Ly =5.390 L, =8.241
L, =2518 L, =0.864 L, =0.830 L, =2.165
Surface area of 24.5 26.4 25.2 58.8
the plane (A%
Cell volume Vy |62 23 21 127
(A%)
The most 2.5 24 23 4.5
probable debris
particle size a,
(nm)
Particle height &, |2.40 2.37 2.27 3.56
(nm)
Particle 2.90 2.86 2.49 5.18
projection on the
workpiece
surface plane /,
(nm)
Surface area of a | 21.6 19.3 17.3 68.6
debris particle S
(nm?)
Lifshitz constant | 2.0 (13) 2.7(17) 1.509) 1.6 (10)
AL (10721
(meV))
Density of 93 140 87 23
vibrational
energy y (wJ/m?)
Polished surface roughness
Ra (nm) 8.1+0.2 79404 7.5+0.2 12.0+04
Rgq (nm) 8.7+0.3 8.4+0.4 8.0+0.1 12.8+0.4
Rmax (nm) 14.6+£1.8 139+1.1 13.1+£0.4 19.6£2.1
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(a) (b)

Fig. 19 Polished surface AIN condition: a diamond powder, b powder of cubic boron nitride

(a) (b)

Fig. 20 Polished surface Al,O3 condition: a diamond powder, b powder of cubic boron nitride

Rmax, nm
Rg, nm 3
Ra, nm
15 [m]
] 2
1
10
1 1
2 3 4 a,, nm

Fig. 21 Surface roughness parameters Ra (1), Rq (2), Rmax (3) versus the most probable debris
particle size
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Rmax, nm 3
Rg, nm
Ra, nm
157 ]
[m] 2
1
10
1 1
3.5 4.5 h,, nm

Fig. 22 Surface roughness parameters Ra (1), Rq (2), Rmax (3) versus the most probable debris
particle height

o =3.2, B2 =2.6 nm are the coefficients found by the least-squares method; the
approximation error is within 2%.

The linear dependence of the roughness parameters on the most probable debris
particle height agrees well with the results obtained in the polishing of sapphire
planes with different crystallographic orientations [49], where the workpiece surface
roughness is dictated not by debris particle dimensions but by the height of the
corresponding parallelepipeds, which is normal to the workpiece surface and depends
on the interplanar spacing of the crystal. The fact that there are only some insignificant
discrepancies in the results of computer modeling of polished surface nanoprofile
for crystalline materials of the same structure (in this case, the hexagonal one) and in
the same plane (in this case, [0001]), which was performed based on the calculations
of the most probable size a, [3] and most probable height 4, of debris particle [49],
suggests that when analyzing roughness of surfaces with different crystallographic
orientations one can apply the Poisson distribution of debris particles in height.

Also, we observed the linear dependence of the surface roughness parameters Ra,
Rq, and Rmax on the surface area of the crystal face to be polished, unit cell volume,
and debris particle surface area (see Table 5), which, along with the functions shown
in Figs. 21 and 22, supports the validity of the results of the computer modeling of the
polished surface nanoprofile. During the mechanical polishing, the workpiece surface
nanorelief is generated through removal of wear particles whose most probable size
essentially depends on the energy of intermolecular interactions between clusters of
the abrasive grain surfaces and workpiece surface elements, which is represented by
the Lifshitz constant A; [29, 38, 49] (see Table 5).

When looking into the influence of the density of vibrational energy y =A./S
(J/m?), which shows the energy consumptions for the formation of one debris particle
with a surface area S, we have found out that the most probable debris size is inversely
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Ra, nm
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Fig. 23 Surface roughness parameters Ra (1), Rg (2), Rmax (3) versus the density of vibrational
energy y

proportional to this quantity [3]. Figure 23 shows the surface roughness parameters
Ra, Rgq, and Rmax versus the energy consumed to form a debris particle y .
These relations can be approximated by the linear functions (see Fig. 23):

Ra 1.2 6.7
Rg | =asy '+8;, whereaz = 1.3 | x 1073 Jm, 3= 7.1 | nm
Rmax 1.7 12.3

are the coefficients found by the least-squares method; the approximation error is
within 3—4%.

The hyperbolically decreasing surface roughness parameters Ra, Rq, and Rmax
with increasing density of vibrational energy y demonstrate that the mechanical
polishing to provide the best surface finish should be performed using those abra-
sive powders which would ensure the maximum value of the Lifshitz constant, i.e.,
the largest energy of intermolecular interaction between the abrasive frains and the
workpiece material, for a particular material to be polished.

The relative surface roughness upon polishing of the crystalline materials SiC,
GaN, AIN, and Al,O3; with a diamond micron powder based suspension, i.e., with
respect to surface roughness of sapphire, R = Ra/Rapphire, 1S represented by the
ratio: Rsic : Rgan : RAN © Rsapphire = 0.68 : 0.67 : 0.63 : 1.00.

5 Conclusions

Based on the theoretical and experimental investigations of the mechanism of pre-
cision surface formation in workpieces of anisotropic monocrystalline materials for
optoelectronics, we have come up with a generalized model of material removal in
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polishing using suspensions of polishing powders. Applying this model to sapphire
single crystals we have studied the influence of the crystallographic orientation of the
plane being polished on the removal rate. The removal rate has been found to grow
with increasing volume, surface area, and most probable size of debris particles, and
energy of dispersion of material from the face being polished. It has been shown that
the dependence of the removal rate in polishing the sapphire planes m, ¢, a, and r
with different crystallographic orientation on the energy of transfer in the logarith-
mic scale is represented by a linear function. Using the value of the reduced energy
of transfer as criterion of efficiency of removal rate, we have demonstrated that in
polishing sapphire planes m, c, a, and r with a cBN powder suspension by the conven-
tional technology corresponds to the classical process of polishing optical surfaces.
The relative removal rate in polishing the sapphire planes m, c, a, and r with different
crystallographic orientations is characterized by the ratio 1.00:1.06:1.41:1.57.

The present study of the mechanism of polishing of surfaces of optoelectronic
components made of monocrystalline materials, with sapphire taken as an example,
and the computer modeling of the process of generation of planes with different
crystallographic orientations have demonstrated that the polished surface rough-
ness parameters Ra, Rg, Rmax grow linearly with increasing permittivity, thermal
conductivity coefficient, height of debris particles, and the Lifshitz constant that
represents the energy of interaction between the polishing powder grains and the
workpiece surface. The ratio of the volumetric wear coefficient to the room mean
squared deviation of the profile n/Ra in polishing the sapphire planes of different
crystallographic orientation has been found to decrease by the hyperbolic law with
increasing density y of the vibrational energy of interaction between the polishing
powder and the workpiece material. The investigation of the mechanism of polish-
ing of the sapphire planes a, m, r, and ¢ with different crystallographic orientations
has revealed that the polished surface roughness parameters are characterized by the
ratio 0.81:0.83:0.97:1.00 and has found the general trend of decreasing roughness
in the series ¢ >r >m >a. Also, the Jackson entropy factor for these sapphire planes
has been shown exceed 5.3, which confirms the feasibility of producing atomically
smooth surfaces in the process of polishing. We have defined the minimum allow-
able values of surface roughness parameters for atomically smooth surfaces that are
generated in nanopolishing of the sapphire planes with different crystallographic
orientations; these values linearly depend on interplanar spacings and decrease in
the series r >a >c¢ >m.

The present theoretical and experimental investigations of the mechanism of
mechanical polishing of flat surfaces of optoelectronic components of crystalline
materials using a suspension of diamond micron powders have demonstrated that the
removal rate in polishing of silicon carbide, gallium nitride, aluminum nitride, and
sapphire crystals decreases exponentially with increasing bond energy of the work-
piece materials. The removal rate in mechanical polishing of the materials under con-
sideration is proportional to the dimensionless parameter 6 that depends on the sliding
distance of a workpiece material element against the pad surface, on the thermal con-
ductivity coefficient of the workpiece material, contact temperature, nominal contact
pressure, velocity of the workpiece and pad relative motion, and their contact area.
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The cluster interaction energy on the polishing grains and on the workpiece surface
governs the intensity of stock removal, and the removal rate in polishing of crys-
talline materials is proportional to the Lifshitz force acting within a unit contact area
between the interacting workpiece and pad surface. The dependence of the removal
rate in polishing of crystalline materials on the reduced transfer energy is a linearly
decreasing function, which permits using the transfer energy as a criterion of effec-
tiveness of mechanical polishing. A study of the relationship between the process of a
workpiece surface wear in mechanical polishing and the process of heat energy prop-
agation has enabled us to determine a ratio between the volumetric wear coefficient
and the thermal conductivity coefficient of the workpiece material, which depends
on specific heat capacity, transfer energy of the workpiece material, and temperature
in the workpiece—pad contact zone, and has revealed that in mechanical polishing of
crystalline materials using ACM 2/1 diamond micron powder suspension the relative
removal rate goes down in the series of SiC, GaN, AIN, Al,O3 and is represented by
the ratio 2.6:1.7:1.4:1.0.

The present investigation of the mechanism of the workpiece surface nanoprofile
generation during the mechanical polishing of optoelectronic components made of
crystalline materials, using a diamond micron powder suspension, on the basis of the
model of debris particle formation and removal from the workpiece surface, along
with the computer modeling has revealed that the surface roughness parameters of
single-crystal silicon carbide, gallium nitride, aluminum nitride, and sapphire linearly
grow with increasing most probable values of the debris particle size, height, and
surface area as well as unit cell volume and surface area of the crystal face being
polished. The study of the influence of the energy of intermolecular interaction
between the polishing powder grains and the workpiece surface, which is determined
by the Lifshitz constant, on the machined surface roughness has demonstrated that the
parameters Ra, Rg, and Rmax of the crystalline materials are inversely proportional
to the energy consumed to form a debris particle with a unit surface area. It has been
found out that in the case of mechanical polishing of the plane [0001] of silicon
carbide, gallium nitride, aluminum nitride, and sapphire crystals with a suspension
based on ACM 2/1 diamond micron powder the relative roughness of the machined
surfaces is represented by the ratio: 0.68:0.67:0.63:1.00.
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Abstract Textured surfaces with sophisticated micro/nanostructures can provide
advanced and useful functions. To promote widespread use of these textured sur-
faces with mass production, manufacturing technology of structured surfaces for
ultra-precision dies and molds made of hardened steel and tungsten carbide becomes
essential. Nowadays, elliptical vibration cutting (EVC) is attracting more and more
attention due to its excellent machining performances in precision machining of
difficult-to-cut materials. The emphasis on this chapter is the practical applica-
tions of EVC in micro/nanomanufacture process. The development of the EVC
technology is introduced firstly, and then, the advantageousness of EVC in the
micro/nanomachining process is explored in detail. Moreover, a unique amplitude
control sculpturing method, where the depth of cut is arbitrary changed by control-
ling the vibration amplitude, is introduced. As following, a criterion to indicate how
to obtain ductile machining of tungsten carbide is clarified by applying EVC. The
feasibility of highly accurate micro/nanomachining of tungsten carbide and hardened
steel is experimentally verified with a machining accuracy of about £1 nm in the
depth-of-cut direction. A series of functional surfaces with textured grooves, dimple
patterns, and sinusoidal grids were successfully fabricated on tungsten carbide, hard-
ened steel, and single-crystal silicon, which could be applied to the molding, encoder,
optoelectronics, and semiconductor industries. The EVC technology is expected to
promote the development of micro/nanomachining process in the actual industrial
applications.
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1 Introduction

Textured surfaces with micro/nanostructures can provide advanced and useful func-
tions. These functional textured surfaces can exhibit a number of novel and excellent
features as compared with just simple smooth surfaces. They have been increasingly
demanded in various applications including optics [1, 2], solar energy technology [3,
4], bioengineering [5, 6], self-cleaning [7, 8], and advanced manufacturing [9, 10]
[11, 12]. To promote widespread use of these textured surfaces with mass produc-
tion, manufacturing technology of structured surfaces for ultra-precision dies and
molds made of hardened steel and tungsten carbide becomes essential. Hardened
steel and tungsten carbide can be used in high-performance molding applications
because of their unique and practical characteristics in physical, mechanical, ther-
mal, and chemical properties. When the feature size of the designed structure is
downscaled into micrometer or nanometer level, the fabrication technology becomes
extremely challenging. To overcome this problem, several typical methods for the
micro/nanostructure fabrication have been proposed so far, including the lithographic
machining, the laser beam machining, the focused ion beam machining, the electron
beam machining, and the diamond cutting.

Lithography, focused ion beam machining, and electron beam machining play
a critical role in micro/nanostructure fabrication. They are advantageous to fabri-
cate highly dense micro/nanostructures with a high aspect ratio and straight side-
walls. The feature size can be downscaled into tens of nanometers or even several
nanometers. However, these manufacturing technologies are not available for a large
structure height of several hundred micrometers due to their low removal rate and
time-consuming nature. The machining efficiency is improved by laser machining;
however, it is difficult to fabricate highly dense nanometer-scale structures due to
the physical restriction in the minimum dimension of the focused laser beam. Con-
sidering the mechanical micromachining technologies, diamond cutting has a large
dimension span in the micro/nanostructure fabrication, which is flexible and capable
of many different designs. Ultra-precision diamond cutting is superior to produce
ultra-precision and sophisticated structures in the feature size of several to hundreds
of micrometers practically. It also has many advantages of high geometrical accuracy,
good surface quality, and high machining efficiency. Diamond cutting allows a high
degree of freedom for the structural design as compared with other methods, and
thus, it has been widely used especially for plastic molding applications of a vari-
ety of optical elements. Combining with mass production process such as injection
molding and compression molding, diamond cutting becomes available for manu-
facturing of high-quality and low-cost consumer products and, hence, it is quickly
popularized among the related industries.

Ultra-precision diamond cutting is usually applied to the fabrication of precision
parts on plastic materials, such as the soft metals including oxygen-free copper, brass,
aluminum alloy, polymeric material such as PMMA, electroless nickel-phosphorus
plating [13]. However, the conventional diamond cutting is not applicable directly to
steel materials due to the extremely rapid thermochemical tool wear [14]. In addition,
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tungsten carbide is a typically hard and brittle material, and its ductile machining
is extremely difficult by the conventional diamond cutting due to the generations of
brittle fracture on machined workpiece surface and the excessive tool damage [15].
On the other hand, micro/nanostructured components are mass produced by glass
molding and injection molding with complicated micro/nanostructured molds/dies
made of hardened steel and tungsten carbide. Hence, advanced diamond cutting
technology is highly required for the micro/nanostructure fabrication on hardened
steel, tungsten carbide, and other difficult-to-cut materials.

2 Elliptical Vibration Cutting Process

2.1 Principle of Elliptical Vibration Cutting

For the last few decades, ultrasonic vibration cutting technology has been success-
fully applied to difficult-to-cut materials’ machining [16]. In particular, Shamoto and
Moriwaki [17] proposed a new cutting method, named elliptical vibration cutting
(EVO). The feasibility of steel material machining and tungsten carbide machining
was verified by applying EVC with single-crystal diamond (SCD) tools. Furthermore,
Suzuki et al. [18] proposed a unique micro/nano-sculpturing method by controlling
the vibration amplitude in EVC. It is expected to enable highly efficient fabrication
of sophisticated micro/nanostructures on hardened steel, tungsten carbide, and other
difficult-to-cut materials.

Figure 1 shows the schematic illustration of the EVC process presented by
Shamoto et al. [19, 20]. The cutting tool is fed at a nominal cutting speed, and
the tool tip is generally controlled to vibrate elliptically in the plane determined by
the nominal cutting direction and the chip flow direction. In the EVC process, the
tool is vibrated at an angular frequency w and fed at a nominal cutting speed v, in
x-z plane. Then, the trajectory of the tool can be expressed as follows:

—— Nominal cutting direction

t,: Beginning of cutting

ty Contact between rake face and chip

ty Bottom of locus

ibration locus ty End of finished surface generation

ts End of cutting

tg Reversal of friction

Nominal depth of cut

&: Critical relief angle

Ry Theoretical roughness

Fig. 1 Elliptical vibration cutting process [19, 20]
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X = A cos(wT) + v, T, Z, = Agcos(wt + @), (1)

where x, and z, denote x, z components of a relative position between the tool and the
workpiece. x-axis and z-axis are defined to be parallel to the nominal cutting direction
and the chip flow direction, respectively. A, and A, are mean-to-peak amplitudes in
the both directions. ¢ is a phase shift of the vibration, which is typically set to be
—90°. 7 is the time during the elliptical vibration process. Based on the fundamental
Eq. (1), the basic characteristics of the EVC process can be numerically clarified
before carrying out the actual cutting, e.g., the theoretical roughness, the minimum
clearance angle, and rake angle.

As shown in Fig. 1, in each cycle of the elliptical vibration, the tool starts to cut
the workpiece at time ¢, and then, the workpiece material is removed in the form
of a chip. After the tangential direction of the tool trajectory becomes parallel to the
rake face, the cutting tool separates from the chip at ¢5. In the general EVC process,
the nominal cutting speed is set to be lower than the maximum vibration speed in
the nominal cutting direction, ensuring that the tool is separated from the workpiece
in each vibration cycle. Due to the separation in each vibration cycle, the contact
surfaces of the cutting edge and the workpiece can be exposed into the surrounding
gas and/or the cutting fluid, probably suppressing thermo-chemical activity of the
newly developed surface of the workpiece. As a result, not only the thermochemical
wear but also the adhesion and diffusion between the workpiece and the diamond
tool can be suppressed efficiently. Furthermore, when the tangential direction of
the tool trajectory exceeds the shear direction of the material removing, the friction
direction between the tool rake face and the chip is reversed as compared with that in
ordinary cutting (OC) process. This reverse of the friction leads to an increase in the
nominal shear angle, resulting in significant decreases in the chip thickness and the
average cutting forces [17, 19, 20]. Additionally, the tool cuts the surface that is cut
in the previous vibration cycle in EVC process. The actual instantaneous uncut chip
thickness, especially when the finished surface is generated in each vibration cycle,
becomes generally smaller as compared with the nominal uncut chip thickness. As
compared with the OC process, the average pushing stress and bending stress in
workpiece deformation zone are effectively decreased in EVC process, which is
advantageous to precisely machine brittle materials and decrease the deformation
of fabricated micro/nanostructures. This technology is tested in industries mainly
for ultra-precision diamond cutting of dies, molds, and optical parts. Ultra-precision
machining of difficult-to-cut materials, such as hardened steel [21-24], tungsten alloy
[25], sintered tungsten carbide [26-30], fiber-reinforced polymer [31], molybdenum
[32], Co—Cr-Mo alloy [33], Plexiglas [34], and other various materials [35], were
realized by applying the EVC technology.
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Fig. 2 Non-resonant elliptical vibrators [36, 37]

2.2 Development of Elliptical Vibrators

2.2.1 Development of Non-resonant Elliptical Vibrator

The initial elliptical vibrator is proposed in 1994 by Shamoto and Moriwaki [17].
The tool is vibrated by two piezoelectric actuators (PZT) arranged separately at a
right angle. With sinusoidally controlling the motion of PZT, the vibration locus
is generated on the tool tip by converting the linear expansion and contraction of
the PZT. This elliptical vibrator is able to work at a continuous frequency range,
which is quite different from the natural resonant vibration frequencies. This type
of vibration device is named as non-resonant elliptical vibrator. Figure 2 illustrates
two types of non-resonant elliptical vibrator used in the researches [36, 37]. Shamoto
and Moriwaki [17] firstly applied the vertical stacked vibrator to investigate the EVC
process directly inside a scanning electron microscope (SEM). Following that, Ahn
et al. [38] and Kim et al. [39—41] developed the similar vertical stacked vibrators to
fabricate the microstructures on various materials, such as nickel-plated mold steel,
nickel alloy, nickel, brass, copper, and so on. Later on, another type of non-resonant
elliptical vibrator named as parallel stacked PZT vibrator was developed at North
Carolina State University [16]. Brehl et al. [16, 42—45] and Brocato et al. [46] applied
this type of vibrator to the micro/nanostructure fabrication on the hard-plated copper
and the stainless steel. Due to the decreasing of burr generation in EVC, Kim and Loh
[35,47] developed a similar parallel stacked vibrator to fabricate the micro-V-grooves
on the brass and the copper.

Although the non-resonant vibrator has a relatively simpler design and their vibra-
tion parameters can be adjusted conveniently, it has a lower mechanical stiffness and
a lower vibration speed. The machining efficiency is low due to the lower nominal
cutting speed adopted. Moreover, the non-resonant elliptical vibrator is rarely applied
to the micro/nanomachining of high-hardness molding materials, e.g., hardened steel
and tungsten carbide, so far. In order to attain a higher machining efficiency in the
industrial application, the tool needs to be vibrated at a much high frequency, for
example, ultrasonic frequency by exciting the resonant modes of the vibrator. This
type of vibrator is named as a resonant elliptical vibrator. The benefits of high vibra-
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tion frequency and high stiffness can be obtained by the resonant elliptical vibrator,
which is advantageous to the efficient micro/nanomachining of difficult-to-cut mate-
rials.

2.2.2 Development of the Resonant Elliptical Vibrator

For the resonant elliptical vibrator, the special design is required. The vibration locus
needs to be controlled precisely because of the nature of the resonant vibrations
and the phase lag between the excitation and the mechanical response. The first
resonant ultrasonic elliptical vibration cutting device was developed in 1995 by
Moriwaki and Shamoto [48]. It is vibrated at its first resonant mode of bending
in two vertical directions by applying the sinusoidal voltage to the PZTs, whose
resonant frequency is 20 kHz. The amplitude of the vibration is magnified by the
step horns and maximized at the tooltip. The difficulties in the design of the resonant
ultrasonic elliptical vibrator were clarified, such as the optimum shape of the horn,
the position of the supporting points, heat generation. As following, a new resonant
vibrator with the third resonant mode of bending was designed and manufactured
by Shamoto and Moriwaki [21]. The actual application of micro/nanomachining of
hardened steel by applying the SCD tool is experimentally clarified. Figure 3 shows
a schematic illustration of the ultrasonic elliptical vibration tool and its third resonant
mode of bending. The vibrator is resonated elliptically at about 20 kHz by exciting
the two piezoelectric plates with some phase shift. In order to improve the shape
accuracy by applying the EVC, a new control system is developed to stabilize the
elliptical vibration locus. The above-mentioned vibrator in Fig. 3 is modified slightly
by attaching two small PZT plates as feedback sensors [49]. The interference between
the two directional vibrations is efficiently decreased.

In order to promote the industrial application of EVC technology, the tool vibra-
tion frequency and the vibration amplitudes need to be improved. A commercial
ultrasonic elliptical vibrator [25, 50, 51] was developed for industrial use by the
collaborative research between the Nagoya University and the Taga electric Co.,
Ltd. The vibrator can be actuated by exciting PZT actuators that re-sandwiched
with metal cylindrical parts, as shown in Fig. 4 [25]. The sandwiched structure has
many advantages, such as the high output power, durability, easy to be designed, and
assembled. Since the vibrator is designed to have the same resonant frequencies in
the second resonant mode of longitudinal vibration and the fifth resonant mode of
bending vibration, it can generate large longitudinal and bending vibrations simul-
taneously at the same ultrasonic frequency of 39 kHz. Suzuki et al. [25] applied this
vibrator to the micro/nanomachining of tungsten alloy, which is a kind of typical
molding materials in the optical industry. With this commercial of vibrator, Nath
et al. [28] also carried out several experimental investigations on elliptical vibration
cutting of sintered tungsten carbide by applying the polycrystalline diamond (PCD)
tool. Zhang et al. [24] conducted further investigations on machining performance
of hardened steel using PCD tools. Moreover, some other similar vibrators are also
reported in the published literature. For example, Song et al. [33] fabricated an ellip-
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Fig. 3 Resonant elliptical vibrator with the third resonant mode of bending [21]

Elliptical vibration locus PZT actuators for bending
Diamond tool tip and longitudinal vibrations

Nodes (supported positions)

Fig. 4 Commercial elliptical vibrator with longitudinal and bending modes [25]

tical vibrator with a resonant frequency of approximately 15 kHz for mirror finishing
of Co—Cr—Mo alloy by applying the SCD. This vibrator works at the first resonant
mode of longitudinal vibration and the third resonant mode of bending vibration.
With the same vibration modes in 20 kHz, Zhou and Hu [52] fabricated a similar
vibrator for ultra-precision machining of hardened steel by applying the SCD.
Based on the resonant longitudinal-bending vibration mode, some other ultrasonic
vibrators were also developed. Li and Zhang [53] presented an asymmetrical struc-
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tural model of the ultrasonic elliptical vibration transducer. Although this vibrator has
only the longitudinal excitation, the transducer can generate a longitudinal-bending
compound vibration mode with the special design of the asymmetrical structure.
A similar vibrator with the vibration frequency of 40 kHz was also proposed by
Brinksmeier and Glédbe [54]. They have successfully applied this type of vibrator to
the precision machining of carbon steel by using of SCD. Moreover, Guo and Ehmann
[55, 56] developed a resonant mode vibrator for the texturing process. The design
is inspired by the development of the ultrasonic motor. The vibrator is mainly com-
posed of two bolt-clamped Langevin transducers. At the same resonant frequency
of 28 kHz, the system works at the first normal and the second tangential vibration
modes.

With the development of the ultrasonic elliptical vibration tools, the industrial
feasibility of ultra-precision machining difficult-to-cut materials is experimentally
verified. Suzuki et al. [22, 26] presented some experimental results in machining
hardened steel and tungsten carbide by applying the EVC technology. Especially in
hardened steel machining, optical quality surfaces with maximum roughness of less
than 0.05 pwm Rz can be obtained up to a cutting distance of 2250 m by applying EVC
[21]. With further development of the EVC process, Shamoto et al. [57-59] developed
athree-degree-of-freedom (3DOF) ultrasonic elliptical vibration tool. Combining the
longitudinal-bending-bending vibrations, an arbitrary ultrasonic elliptical vibration
locus in the 3D space can be generated. It becomes suitable to machine the 3D
sculptured surfaces.

Based on the excellent cutting performances of EVC, Suzuki et al. [18] explored
further possibilities of functional surface machining on difficult-to-cut materials and
proposed a unique micro/nano-sculpturing method, as shown in Fig. 5. In this pro-
posed method, the vibration amplitude along the depth-of-cut direction is actively
controlled while machining. Because of this amplitude control, the depth of cut
can be changed rapidly without fast tool servo (FTS) but as being controlled by
the conventional FTS technology. In other words, the EVC technology is equipped
with an FTS function by itself. Through primary experimental works, the feasibility
of the proposed amplitude control sculpturing method was verified. Several kinds
of micro/nano-textured patterns were successfully fabricated on hardened steel with
SCD tools. Nowadays, EVC is attracting more and more attention due to its excellent
machining performances in micro/nanomachining of difficult-to-cut materials.

3 Tungsten Carbide Machining by Applying EVC

With the rapidly developing of optoelectronics industry, demand for advanced man-
ufacturing technology for sophisticated micro/nanostructures on optical systems is
increasing drastically. For example, glass lenses with small radius and large cur-
vature have been used in various devices to miniaturize their structures and/or to
attain large storage capacity. Some micro/nano-optical gratings have been used in
optical communication equipment, encoders, and digital cameras. In order to realize
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Fig. 5 Amplitude control sculpturing method in EVC [18]

mass production of those functional glass devices, tungsten carbide is heavily used in
the glass molding industry because of its unique mechanical, thermal, and chemical
properties. Ultra-precision diamond cutting equipped with FTS has been generally
applied to fabricate sophisticated micro/nano-structures, and it has been widely used
especially for a variety of plastic molding applications. However, tungsten carbide is
a typically hard and brittle material, and its ductile machining is extremely difficult
by the ordinary ultra-precision diamond cutting technology due to the generations of
brittle fracture in the workpiece and excessive tool damage. In contrast to diamond
cutting, ultra-precision diamond grinding is applicable to ductile mode machining of
tungsten carbide [60-62]. Suzuki et al. [63, 64] additionally reported that the follow-
ing lapping and/or polishing are also effective to achieve the higher-quality surface
finish. However, it is extremely difficult to fabricate sophisticated micro/nanoscale
structures especially with sharp edges by grinding and polishing. These facts impose
significant restrictions in practical use of tungsten carbide and define the bottleneck
of ultra-precision machining of tungsten carbide. In particular, elliptical vibration
cutting technology has been the foreseen alternative to attain micro/nanomachining
of hard/brittle materials.

3.1 Fundamental Grooving Experiments

3.1.1 Utilized Elliptical Vibrator

A two-degree-of-freedom (2DOF) elliptical vibrator is actuated by exciting PZT
actuators that are sandwiched with metal cylindrical parts as shown in Fig. 4. The
mean-to-peak vibration amplitude can be adjusted arbitrary within 2 umg., by con-
trolling the amplifier gains as shown in Fig. 6 [18, 29, 36].
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Fig. 6 2DOF elliptical vibration tool [18, 29, 36]

The vibration amplitudes along nominal cutting and depth-of-cut directions are
measured by using the orthogonally aligned laser Doppler vibrometer. Amplitudes
of the vibration can be obtained in both directions simultaneously. Then the elliptical
vibration locus can be plotted as a Lissajous curve. For example, when the mean-to-
peak amplitudes of elliptical vibration in nominal cutting and depth-of-cut directions
are set to be 2 jumg., and 1 wmy.,, respectively, and a phase difference is 90°, then
the measurement locus is shown in Fig. 7 [36].
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3.1.2 Comparison of EVC with OC

At first, experimental investigations are carried out to compare EVC performance
against OC. A binderless tungsten carbide (average grain size: 0.3 wm; hardness:
25.48 GPa; elastic modulus: 675 GPa) labeled as BL is grooved by OC and EVC. In
this experiment, the nominal cutting speed is set to be 150 mm/min. Mean-to-peak
amplitudes of elliptical vibration in nominal cutting and depth-of-cut directions A,
and A, are set to be 2 wmg, and 1 wmyg., to realize an elliptical vibration locus.
A SCD tool with a nose radius of 1 mm, a clearance angle of 10°, and a negative
rake angle of —20° is used. Figure 8 shows the scanning electron microscope (SEM)
images of the grooved surface at a depth of cut of 0.2 pm [29]. The groove formed
by OC is filled with numerous brittle fractures. In contrast, a smooth surface without
any brittle cracks and asperities can be obtained by EVC. Ductile mode machining
was successfully obtained in EVC. From this fact, it can be expected that the inside
of tungsten carbide grains existing at the topmost layer of the remained surface was
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Fig. 8 SEM images of grooved surface (workpiece: BL, depth of cut: 0.2 wm, nominal cutting
speed: 150 mm/min, A.—A4: 2-1 pmg.p) [29]
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Fig. 9 Elliptical vibration cutting with thin instantaneous uncut chip thickness [65]

cut without fracture generation on the surface or pullout of the grains, which are
observed in OC.

As following, the mechanism of the ductile mode machining of tungsten carbide
in EVC is considered. In EVC process, the tool cuts the surface that is finished in the
previous vibration cycle. Thus, the actual uncut chip, i.e., instantaneous uncut chip
thickness as shown in Fig. 9, becomes extremely thin [65]. Note that this uncut chip
thickness becomes generally much smaller as compared with the nominal depth of
cut. In other words, the process is similar to that of micro-milling. This instantaneous
uncut chip thickness in each vibration cycle becomes significantly small especially
when the tool cuts the finished surface around the bottom of the elliptical vibration.
Because of this process, the actual depth of cut becomes smaller than the critical
value for ductile machining due to the size effect in fracture toughness, resulting in
significant improvement of nominal critical depth of cut for ductile machining of
tungsten carbide.
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Fig. 10 Machined groove with the increasing of depth of cut [29]

Furthermore, the influence of the depth of cut on the surface quality is also inves-
tigated. Figure 10 demonstrates a groove surface of BL, which is machined with a
circular vibration (1 wmg.p) at a cutting speed of 150 mm/min [29]. The depth of cut
is gradually increased from O to 2 pwm. Surface quality changes depending on the
depth of cut. The transition border from ductile to brittle modes is observed at the
depth of cut of about 1.5 pwm. In the brittle machining, agglomerated grains seem to
be pulled out at one time from the machined surface. It is also considered that the
defect morphology may relate to the chip pulling-up motion in EVC process.

And then, the influence of nominal cutting speed on machined surface quality is
also examined by several grooving experiments. The machined surfaces of BL at a
depth of cut of 0.5 pm are shown in Fig. 11 [29]. It is confirmed that higher-quality
surfaces in the ductile mode can be attained with a lower nominal cutting speed of
250 mm/min. On the contrary, poor surfaces with numerous defects are observed
distinctively at a higher nominal cutting speed of 1100 mm/min. The defect size is
less than several hundred nanometers, which is almost identical to the dimension
of grain size. This cutting speed dependency of surface quality is considered to be
associated with the cut volume in each vibration cycle. It should be noted that the
instantaneous uncut chip thickness is almost proportional to the nominal cutting
speed. Thus, the cutting forces decrease and the strain energy at the deformed zone
is reduced when the nominal cutting speed decreases. With a small nominal cutting
speed, small forces and strain energy are generated in the cutting regime, which is
advantageous to suppress crack propagations.
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Fig. 11 Effect of nominal cutting speed on surface quality (workpiece: BL, amplitudes: 2—1 pmyg.p,
depth of cut: 0.5 wm) [29]
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Fig. 12 V-grooved surface with sharp edge fabricated by elliptical vibration cutting [36]

3.2 Feasibility of Micro/Nanostructure Fabrication
on Tungsten Carbide

Based on the critical findings in grooving investigations, optimal machining condi-
tions are utilized to ductile cutting of tungsten carbide. Binderless tungsten carbide
of BL (with grain size of 0.3 pm) and binder-containing tungsten carbide of Co
(with binder phase of Cobalt and grain size of 0.5 jum) are applied to the following
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Fig. 13 Microphotographs of V-shaped tool edge in different cutting methods [36]

experimental investigations. In order to investigate the feasibility of microstructure
fabrication with sharp edges, V-groove machining experiments are conducted on
binder-containing tungsten carbide by using V-shaped diamond tool. Two V-shaped
grooves with a depth of 20 um are machined, where the depth of groove is increased
by cumulating the grooving with a depth of cut of 0.5 pm 40 times. A constant nom-
inal cutting speed of 250 mm/min is adopted. A V-shaped single-crystal diamond
tool with a nose radius of less than 0.5 pm, an included angle of 90°, a rake angle
of —20°, and a clearance angle of 10° is used. As shown in Fig. 12 [36], V-grooved
surface with sharp edges can be obtained with no considerable defect generation by
applying EVC. However, V-grooved surface formed by OC is filled with numerous
brittle fractures. Hence, ultra-precision machining of sintered tungsten carbide is not
feasible by means of OC technology.

The microphotographs of the cutting edges after the V-shape grooving exper-
iments are shown in Fig. 13 [36]. No adhesion and no serious tool wear can be
observed in the elliptical vibration cutting.

As following, the feasibility of micro/nanoscale sculpturing is clarified through
micro-textured grooving and nano-dimple pattern machining experiments. The
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Table 1 Experimental conditions for sculpturing of micro/nano-structures [29]

Conditions A B
Cutting conditions Nominal cutting speed (mm/min) 150 284
Pick feed (jum) - 100
Maximum depth of cut (Lm) 1.2 0.2
Vibration conditions Frequency of elliptical vibration (kHz) 36.2 36.2
Frequency of amplitude oscillation (Hz) 42-84 |60
Amplitude in depth-of-cut direction (jumg.p) 0.5-1 0.5-1
Amplitude in nominal cutting direction (jLmg.p) 2 2
Tool Nose radius (mm) 1.0 1.0
Rake angle (°) —20 —20
Clearance angle (°) 10 10
Workpiece Material BL Co

amplitude control sculpturing method as introduced in Fig. 5 is applied, where the
depth of cut is regulated by controlling the vibration amplitude in the depth-of-cut
direction during machining. The envelope of the cutting edge trajectory is transferred
to the machined surface, resulting in sculpturing of target micro/nano-structures on
the workpiece. The experimental conditions and cutting parameter selections are
presented in Table 1 [29].

Textured grooves with three kinds of patterns, i.e., sinusoidal, zigzag, and ramp
waves, are fabricated under Condition A. Figure 14 shows the microphotographs of
micro-textured grooves and the measured surface profile along the nominal cutting
direction [29]. The amplitude of these wave commands is set to be about 0.5 pm.
The profiles of the textured grooves are measured by an optical surface profiler
(ZYGO NewView6200). The experimental results indicate that the grooves with
ultra-precision micro/nano-textures can be machined successfully in ductile mode
on tungsten carbide, and a defect-free smooth surface can be successfully obtained
by EVC.

Figure 15 shows the photograph of dimples sculptured under Condition B and
measured profiles [29]. In this machining, the mean-to-peak amplitude in the depth-
of-cut direction is controlled by sinusoidal wave pattern, which is changed from
0.5 wmg_p to 1 pmyg_,. The maximum depth of cut is, however, set to be about 0.2 jum,
which is less than the mean-to-peak amplitude variation of 0.5 wm. Consequently,
independent concave dimples with a maximum depth of about 0.2 um were machined
successfully in ductile mode on tungsten carbide. As shown in Fig. 16, the principle
of independent dimples fabrication is also illustrated in detail by applying amplitude
control sculpturing method in EVC [65]. Note that these micro/nano-sculpturing
patterns cannot be attained by OC methods.
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Fig. 14 Microphotographs of textured grooves: a sinusoidal (60 Hz), b ramp (42 Hz), ¢ ramp
(84 Hz), d zigzag (42 Hz), and e zigzag (84 Hz) [29]
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Fig. 15 Microphotograph of fabricated dimple structures and their measured profiles [29]

4 Hardened Steel Machining by Applying EVC

Considering widespread use of textured surface applications and their mass pro-
duction, manufacturing technology of functional textured surfaces for a variety of
materials, especially for steel materials, is greatly required. Steel is a typical mate-
rial that is widely used for mechanical elements and molding. However, Paul et al.
[14] found that in ferrous material machining chemical affinity of materials triggers
extreme chemical reaction of SCD tools. Because of this chemical nature, conven-
tional diamond cutting is not applicable to machining of steel due to rapid tool wear
and surface deterioration. Many researchers have dedicated to attain the conventional
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diamond machining of steel materials with suppressing tool wear propagation, such
as cutting process with inert atmosphere and carbon-saturated atmosphere [66], cryo-
genic cutting by cooling the tool-workpiece system [67], nitriding process based on
workpiece modifications for avoiding chemical reactions between the diamond tool
and the workpiece material [68] and ultra-intermittent cutting method to reduce tool
wear by decreasing the contact time [69]. However, none of these methods was found
applicable to industrial applications. These restrictions in conventional machining
methods in fact define the bottleneck of practical use of hardened steel with functional
surfaces.

In particular, EVC technology is considered as a potential candidate for the func-
tional surface fabrication on steel materials. With the development of ultrasonic
EVC devices, Shamoto and Moriwaki [21] verified the feasibility of steel material
machining by the use of SCD tools. Based on successful cutting performance of EVC,
Suzuki et al. [18] explored further possibilities of functional surface machining on
steel material by controlling the vibration amplitudes. Because of this amplitude
control, the depth of cut can be changed precisely and rapidly without FTS but as
being controlled by the conventional FTS technology. The advanced advantageous of
EVC and FTS is efficiently combined by this amplitude control sculpturing method.

4.1 Applications of Elliptical Vibration Sculpturing Method
in Hardened Steel Machining

4.1.1 Investigation of Machining Accuracy

In order to investigate machining accuracy on hardened steel (JIS: SUS420J2, UTS >
540 MPa, HRC53) by the amplitude control sculpturing method in EVC, nano-stair-
stepping structures were fabricated with a trapezoidal amplitude command wave at
100 Hz. The structure height of trapezoidal command is controlled to change a depth
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ominal cutting direction

Fig. 17 Optical Nomarski microphotograph and AFM images of machined trapezoidal structures
[36, 70]

of cut from 1 to 20 nm, and a pitch of the trapezoidal structures is set to be a constant
value of 7 pm. The machine tool is simply controlled to machine a plane surface with
apick feed of 5 pwm at a constant nominal cutting speed of 42 mm/min. The vibration
amplitude in the depth-of-cut direction is controlled in synchronization with the
cutting feed along the nominal cutting direction. Figure 17 shows the experimental
results. Nano-structures with a designed structure height of 1 nm are marginally
distinctive from the machined surface on hardened steel [36, 70]. From the measured
results, it is confirmed that nano-structures can be machined with surprisingly high
accuracy of about &1 nm in the depth-of-cut direction by applying the amplitude
control sculpturing method.

4.1.2 Feasibility of Nano-structure Fabrication

As following, several different nano-patterns are fabricated by applying the amplitude
control sculpturing method in EVC. In order to avoid the flank face contact to the
fabricated structures, the slope of amplitude change in EVC needs to be less than the
clearance angle of the cutting edge at least. Figure 18 shows a trapezoidal structure
machined by an amplitude corresponding to 25 nm structure height with a pitch value
of 2 wm [36, 37]. The fabricated patterns are measured by using the atomic force
microscope and the optical microscope, respectively. As the slope of the trapezoidal
structure is kept being 30°, the tool with a clearance angle of 40° is utilized here.
In what follows, textured grooves with a 20 nm structure height are also sculptured
on a hardened steel workpiece, and the feasibility of nano-structure sculpturing is
investigated. Figure 19 shows several textured grooves with different patterns, i.e.,
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Fig. 19 Nano-structures with the structural height of 20 nm and wavelength of 1 pwm [36, 37, 71]

sinusoidal, zigzag, and ramp waves, with a steady amplitude command at 100 Hz [36,
37,71]. The fabricated patterns were measured by using the atomic force microscope
and the scanning electron microscope, respectively. Experimental conditions are
summarized in Table 2 [71].
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Table 2 Experiment conditions for nano-textured grooves machining [71]

Cutting conditions Nominal cutting speed (mm/min) 6
Maximum depth of cut (um) 3
Cutting fluid Oil mist (PS-FM-A)
Vibration conditions | Frequency (kHz) 36.2
Phase shift (°) —-90
Amplitude in depth-of-cut direction (jLmg.p) 0.48-0.5
Amplitude in nominal cutting direction (jLmg.p) 0.5
Tool Material Single-crystal
diamond
Nose radius (mm) 1
Rake angle (°) 0
Clearance angle (°) 10
Workpiece Hardened steel SUS420J2 (HRC53)

4.1.3 Feasibility of Three-Dimensional Structure Machining

In the previous research, some micro/nano-structures have been successfully fab-
ricated on hardened steel by applying the proposed amplitude control sculpturing
method [18]. For example, sinusoidal commands to control the vibration amplitude
were input to the elliptical vibration control system during machining and the phase
of the sinusoidal commands was changed by 180° in every cutting feed, so that
hexagonal dimple patterns can be sculptured based on vibration conditions, cutting
conditions, and tool geometries. Table 3 summarizes the experimental conditions
[36].

Figure 20 shows the optical microphotographs and a cross-section profile of the
fabricated hexagonal dimple patterns [36, 37]. The hexagonal dimple patterns with
a measured dimple depth of 0.65 pm and a side length of about 36.14 pm.

In order to investigate the feasibility of practical application, the proposed machin-
ing method is applied to a sophisticated three-dimensional micro/nano-structure
sculpturing. Figure 21 shows the target machining geometry, i.e., an angle grid sur-
face [36, 70, 71].

The height of the arbitrary position on the angle grid surface can be given by
Eq. (2), which is presented by:

7= A,sin@ux/A)+ Ay sin(2ny/ky), 2)

where A, and A, are amplitudes of the sine functions in the x-direction and the
y-direction, respectively. A, and A, are the corresponding wavelengths.

A SCD tool with a nose radius of 1 mm, arake angle of 0°, and a clearance angle of
10° is used. When the target amplitude is set to be A, = A, = 0.5 um, the wavelength
was set to be A, = A, = 150 wm from the restrictions of tool nose radius in the nominal
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Table 3 Experiment conditions for hexagonal dimple pattern fabrication [36]

Cutting conditions Nominal cutting speed (mm/min) 650
Maximum depth of cut (um) 5
Pick feed (wm) 31

Vibration conditions | Frequency of elliptical vibration (kHz) 36.2
Frequency of amplitude oscillation (Hz) 100
Phase shift (°) 90
Amplitude in depth-of-cut direction (umoq.p) 0.88-1.64
Amplitude in nominal cutting direction (jumq.p) 2

Tool Material Single-crystal
diamond
Nose radius (mm) 1
Rake angle (°) 0
Clearance angle (°) 10
Workpiece Hardened steel SUS420J2 (HRC53)
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Fig. 20 Microphotographs of sculptured hexagonal dimples [36, 37]
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pick feed direction. The sinusoidal structure is machined by the amplitude control
sculpturing method with a sinusoidal amplitude command at 100 Hz. The nominal
cutting speed is set to be 900 mm/min. On the other hand, the height position along
the nominal pick feed direction is controlled by utilizing positioning of the ultra-
precision machine tool itself. The pick feed is set to be a constant value of 3 pm.
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Fig. 22 Machined angle grid surface with the structure height of 1 pm and the wavelength of
150 pm [36, 70]

Figure 22 shows a microphotograph and a profile of the machined angle grid surface
measured by optical microscopes (Nikon MM-40 and ZYGO NewView6200) [36,
70]. It was confirmed that the periodic micro/nano-structure with smooth surface is
obtained on the hardened steel workpiece.

Figure 23 shows a comparison of the simulated and the experimental results [36].
It was confirmed that machined height and the wavelength along the nominal cutting
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Fig. 23 Comparison of simulation and experimental result [36]

direction and nominal pick feed direction correspond accurately to the theoretical
values. With the development of EVC technology, arbitrary grayscale images can
also be precisely sculptured by applying the amplitude control sculpturing method.

5 Single-Crystal Silicon Machining by Applying EVC

Single-crystal silicon is a basic technological material in semiconductor and opto-
electronics industries for its excellent properties of high hardness, high wear resis-
tance, lightweight, excellent stability, and low oxides formability [72—75]. Recently,
silicon microstructures have drawn emerging interests for their applications of high-
performance imaging, concentration, and illumination in fields of semiconductors
[76, 77] and infrared optics [78, 79]. However, the precision fabricating of silicon
microstructures is challenging due to its brittle fracture. In particular, the feasibility
of ductile cutting of silicon with SCD tool has been investigated experimentally and
theoretically over the last two decades. It has been demonstrated that with a depth of
cut (DOC) ranging from 50 to 250 nm, nanometric surface finish, sub-micrometric
form accuracy, and minimum subsurface damages of silicon can be achieved by duc-
tile cutting. However, the extremely small DOC utilized in ductile cutting not only
requires extremely high rigidity of ultra-precision machine tools, but also introduces
difficulties in decreasing undesired inclination of workpiece surface with respect
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to workpiece holder and alignment errors of workpiece. Therefore, improving the
nominal critical DOC for ductile cutting is critical to simplify the setting up of duc-
tile cutting of silicon, which also facilitates the industrial applications of low-cost
machine tools.

5.1 Fundamental Grooving Experiments with EVC Versus
ocC

Fundamental grooving experiments with EVC and OC are firstly carried out to obtain
the first impression of machinability of silicon. For each cutting process, the nominal
DOC is increased from O to the maximum value of 2.5 pum, while the nominal cutting
speed is fixed as 200 mm/min. The mean-to-peak amplitudes in the nominal cutting
direction and the DOC direction are 2 jumg., and 1 pmy.,, respectively. Figure 24
presents microphotographs of grooves machined at a nominal depth of cut of 0.4 pm
through the OC and the EVC, respectively [65]. While the groove formed by the
OC is filled with brittle fractures, a smooth surface can be obtained successfully by
applying the EVC in ductile cutting mode. The nominal critical DOC in the EVC is
475 nm, which is 12.5 times higher than the critical DOC of 38 nm in OC.

Due to the ultrasonic vibration frequency and the small nominal cutting velocity,
the instantaneous uncut chip thickness is almost within several tens of nanometers by
applying the EVC, as shown in Fig. 9. Fractures initiate before pronounced permanent
plastic deformation under conventional machining of silicon, due to its lower fracture
strength than yield strength. However, with the extremely small instantaneous uncut
chip thickness, very large stress can be achieved at small volumes, which triggers
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cutting

Fig. 24 Micro-grooving of silicon by applying OC and EVC [65]
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dislocation activities under high shear stress. Since the actual DOC is smaller than
the critical value for ductile machining due to the size effect in fracture toughness
of silicon, the EVC results achieve a significant improvement of the nominal critical
DOC for ductile cutting of silicon. Moreover, the actual rake angle acting on cutting
regime becomes negative due to the tool moving up from the bottom of elliptical
vibration locus, as shown in Fig. 9. It was reported by Komanduri et al. [80] and Yan
et al. [81] that the negative rake angle can produce hydrostatic compressive pressure
that is advantageous to suppress crack propagation and obtain ductile cutting of
silicon.

Additionally, the surfaces machined by the EVC and OC in brittle cutting modes
are also examined. Figure 25 shows that the nominal DOC is gradually increased
from 0.6 to 1.5 pm, which has a strong influence on machined surface quality for
both types of cutting [65]. However, as compared with the brittle defects generation
in OC process, the deterioration of machined surface quality is less pronounced in
EVC process. Moreover, the defect geometry is quite different in EVC from that in
OC. While there are cleavage defects caused by the formation of continuous brittle
defects on the whole machine surface in OC, there are only discrete defects with
smaller defect sizes generated in EVC. Even though at the largest DOC of 1.5 pm,
the brittle defect propagation can also be efficiently suppressed and smooth side
edges of grooves can be obtained by applying the EVC. For the OC process, the
generated defects are mainly in the size of about tens of micrometers and fulfilled
with the whole coarse machined surface, suggesting that huge brittle defects are
mainly caused by the lateral crack system. On the other hand, small pits with the size
of about several micrometers are generated on the machined surface in EVC, which
are primarily caused by the median crack system. As the threshold load for median
cracks is less than that for lateral cracks, the lateral cracks that cause huge brittle
fracture can be successfully suppressed in the EVC process with the small cutting
forces.

5.2 Fabrication of Micro/Nano-dimple Structures

With the optimal ductile machining conditions obtained in grooving investigations,
the feasibility of micro/nano-dimple structures fabrication on silicon is clarified. The
proposed amplitude control sculpturing method is first applied to fabricate an angle
grid surface with sinusoidal structures, as illustrated in Fig. 21. The structure height
and wavelength are 0.5 and 100 pm in both the nominal cutting direction and the
nominal pick feed direction, respectively. A SCD tool with a nominal nose radius
of 1 mm, a rake angle of 0°, and a clearance angle of 10° is utilized. The sinusoidal
structure is machined with an amplitude command at 33.3 Hz in the nominal cutting
direction. The mean-to-peak vibration amplitude is fixed to 2 pwmg.p, in the nominal
cutting direction, while varied within 0.5 wmg,, to 1 pmg., in the DOC direction.
The nominal cutting speed is set to be 200 mm/min, and the maximum DOC is
adopted as 2 pm. On the other hand, the height position along the pick feed direction
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Fig. 25 Grooves formed by OC and EVC in brittle cutting with different depth of cut [65]

is controlled by utilizing positioning of the ultra-precision machine tool itself. The
pick feed value is set to be 5 pwm. As a round cutting tool with arc cutting edge is used,
the maximum effective depth of cut d. is calculated to be 304 nm by the following
equation [82]:

d,=R— \/(R —d)+ (,/(2R —dyd — f)2 3)

where R is the tool radius, d is the maximum depth of cut, and f is the pick feed
value. Since the calculated maximum effective DOC is smaller than the critical DOC
of 456 nm, the ductile sculpturing of silicon can be guaranteed by applying the
above-mentioned machining conditions. Figure 26 shows a microphotograph and
a profile of the machined angle grid surface measured by optical microscope [65].
It is confirmed that the periodic micro/nano-structures with smooth surface can be
successfully obtained in ductile mode. The machined structural height (0.483 pum)
and the wavelength (100 pwm) along the cutting direction and the pick feed direction
correspond accurately to the designed target values. It should be noted that even
though the cutting distance is increased into 45 m, the tool wear deterioration is not
serious and ductile machining can also be guaranteed.

In order to investigate the chip formation mechanism in elliptical vibration cut-
ting of silicon, chips are also collected in ductile machining the angle grid surface.
Figure 27 shows SEM photographs of the chips collected during sculpting of silicon
at the nominal cutting distance of 45 m. The ductile needle-type-like segments are
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Fig. 27 Ductile needle-type-like chips of silicon in EVC

observed, while thin chip segments are almost discontinuous. This fact indicates that
ductile mode machining is attained successfully in each vibration cycle.
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Fig. 28 Microphotograph and profiles of fabricated silicon dimple structures [65]

As following, the independent concave dimples are also fabricated on the silicon
workpiece. As shown in Fig. 16, the independent dimples can be fabricated with
a small value of nominal DOC that is less than half of the amplitude variation in
the DOC direction. In the present fabrication process, the mean-to-peak amplitude
in the nominal cutting direction is adopted as 2 pmy.p, and the vibration amplitude
in the nominal DOC direction is appropriately controlled by sinusoidal command
wave and ramp command wave, which is changed from 0.5 wmg, to 1 pmg., at
100 Hz. The nominal cutting speed is set to be 200 mm/min. As the critical nominal
DOC in ductile machining of silicon is 456 nm with vibration amplitudes A.—A,
of 2-1 wmg.p, the maximum DOC should be less than the above-mentioned value
in order to realize the ductile sculpturing process. Figure 28 shows measured pho-
tographs of dimples sculptured on silicon [65]. The maximum nominal DOC in the
microstructure fabrication is set to be about 0.45 pwm, which is less than half of the
amplitude variation of 0.5 pm. Consequently, the independent concave dimples with
a maximum designed depth of about 0.45 pm are assumed to be machined in ductile
cutting mode. The cross-section profile of the fabricated single pattern is measured by
using a surface profiler (Taylor Hobson PGI 1250S). Although the measured structure
height of the sinusoidal and ramp pattern is about 441 nm and 433 nm, respectively,
the machining error along the nominal DOC direction is smaller than 20 nm for the
current experimental setup. It demonstrates that the feasibility of high-quality and
high-precision silicon microstructure fabrication by applying the amplitude control
sculpturing method in EVC. The further development of the EVC technology is
expected to promote the development of sophisticated silicon microstructures for
advanced industrial applications.
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6 Conclusion

Structured surfaces with sophisticated micro/nano-structures can provide advanced
and useful functions for various industrial applications. For mass production of
these functional devices, hardened steel and tungsten carbide are heavily demanded
in molding industry. However, conventional diamond cutting is not applicable to
steel materials and tungsten carbide machining due to extreme tool wear and brittle
fracture generations in the workpiece. To overcome this problem, EVC has been
applied to these difficult-to-cut materials machining successfully. Furthermore, uti-
lizing the specific cutting process of EVC, a unique micro/nano-sculpturing method
for difficult-to-cut materials was also introduced.

Section 2 clarified a criterion to indicate how to obtain ductile machining of tung-
sten carbide by applying EVC. The mechanism of ductile machining of tungsten car-
bide by applying EVC is clarified. In the EVC process, the tool cuts the surface that
is finished in the previous vibration cycle. Thus, the actual uncut chip, i.e., instanta-
neous uncut chip thickness, becomes extremely thin. Based on this process, the actual
cutting thickness becomes smaller than the critical value for ductile machining. In
what follows, the influence of cutting conditions on the surface quality is investigated
in an empirical manner. Based on these fundamental results, ultra-precision textured
grooves and a dimple pattern are subsequently fabricated on tungsten carbide in
ductile mode by applying the amplitude control sculpturing method in EVC.

Section 3 clarified the highly accurate micro/nano-structure fabrication on hard-
ened steel by experimental investigations. It is confirmed that nano-structures can
be successfully fabricated with a machining accuracy of about ££1 nm in the depth-
of-cut direction. In what follows, accurate nano-sculpturing with a structure height
of 20 nm and wavelength of 1 um is attained by applying the amplitude control
commands with sinusoidal, zigzag, and ramp waves. Finally, a sophisticated 3D
micro/nano-structure, i.e., a sinusoidal grid surface, is subsequently carried out on a
hardened steel workpiece. The experimental results verify the feasibility of efficient
and accurate micro/nanomachining by the proposed sculpturing method.

In order to verify the feasibility of precision machining other difficult-to-cut mate-
rials, Sect. 4 investigates the ultra-precision machinability of single-crystal silicon by
applying the EVC. With the nominal cutting speed of 200 mm/min and the mean-to-
peak vibration amplitudes A.—Ay of 2—1 pmgq.p, the critical DOC for ductile machin-
ing of silicon is increased into 475 nm, which is about 12.5 times higher than that
of 38 nm in OC. Even though there are brittle cracks generated in the EVC at a
nominal DOC that is higher than the critical value, the dominant defect size is signif-
icantly smaller than that in the OC. Based on the optimal machining conditions, high
accuracy angle grid surface and dimple patterns are successfully sculptured on sili-
con. The experimental results demonstrate the feasibility of practical ultra-precision
machining of silicon microstructures by applying EVC.

The research results presented in this chapter are also presented in the author’s
published papers [29, 30, 36, 37, 65, 70, 71].
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Ultra-precision Machining of Hard )
and Brittle Materials L
with Coarse-Grained Grinding Wheels

Bing Guo and Qingliang Zhao

Abstract Many attempts have been made to achieve optical surfaces on hard and
brittle materials by means of ductile diamond grinding using fine-grained diamond
wheels. However, the large wear rate of the fine-grained grinding wheel, which is
caused by dressing and by the grinding process, limited the achievable form accuracy
and the maximum material removal volume, especially in case of ductile grinding of
large optical surfaces. For solving this problem, a novel-type diamond wheel must be
applied which features much higher grinding ratios than that of fine-grained diamond
wheels to guarantee the machined surface form accuracy in ultra-precision grinding
of hard and brittle materials. In this chapter, the precision conditioning methods of
coarse-grained diamond wheels for ultra-precision grinding will be presented first.
Subsequently, the ultra-precision grinding of hard and brittle materials with coarse-
grained grinding wheels will be investigated in order to reveal the performance of
these novel diamond wheels. To conclude the chapter, micro-structured surface will
be machined on the diamond grain surfaces of coarse-grained wheels for improving
ground subsurface damage.

1 Introduction

Ultra-precision grinding of hard and brittle materials such as optical glass, ceramics,
cemented carbides, and crystal materials has been applied in a wide range of appli-
cations in order to obtain high-quality surfaces with nanoscale roughness, submi-
cron form accuracy, and micron-level subsurface damage. Commonly, fine-grained
grinding wheels with diamond grain diameter from several micrometers down to
sub-micrometer are mainly used for ultra-precision grinding various hard and brittle
materials [1]. According to many research results, the smaller the abrasive grain size,
the better the final finished surface roughness and integrity [2—4]. However, the high
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wear rate and self-sharpening effects of the wheel bonding system, wheel loading
as well as periodic conditioning requirement of fine-grained grinding wheels dete-
riorate the form accuracy of the machined surface and simultaneously introduce a
lower grinding efficiency [5-7].

For solving these problems, a novel diamond wheel must be applied which fea-
tures much higher grinding ratios to guarantee the form accuracy in ultra-precision
grinding of hard and brittle materials. The applied wheels should have the following
characteristics:

1. Bigger grain size than fine-grained wheels for resisting abrasive wear;

2. Higher bonding strength to avoid the loss of abrasives;

3. Required constant wheel peripheral envelope surface for ensuring homogeneous
undeformed chip thickness.

Monolayer coarse-grained diamond grinding wheel featuring grain sizes of more
than 100 wm fulfills most of the above-mentioned requirements. Therefore, it could
be a solution for the wheel wear problem incurred by fine-grained diamond wheels,
provided that they are well conditioned in terms of minimized wheel run-out error,
constant wheel peripheral envelope, as well as top-flattened diamond grains with
required grain protrusion height of at least a few micrometers.

Generally, monolayer coarse-grained diamond wheel is not usually conditioned
in the grinding process. On the one hand, they are mainly applied in rough grinding,
which means the wheel conditioning is unnecessary. On the other hand, monolayer
coarse-grained diamond wheels only have a single abrasive layer which easily led
to damage of the abrasive layer before the conditioning of diamond grains them-
selves [8]. However, nowadays improved manufacturing technique can make the
monolayer diamond wheel superior in terms of wheel’s higher geometrical accuracy
(base run-out and homogenous deposited bonding layer depth), the bigger bonding
strength between base surface and bonding layer, as well as the holding strength of
the grains inside bonding layer. Besides, if the on-site conditioning of monolayer
coarse-grained diamond wheels could be precisely controlled, the coarse-grained
diamond wheels will have a constant wheel peripheral envelope surface, then the
ultra-precision grinding of hard and brittle materials could be realized.

2 On-site Precise Conditioning of Coarse-Grained
Grinding Wheels

For conventional coarse-grained diamond wheels, the diamond grains with different
protrusion heights and the wheel manufacturing deviation will result in a different
depth of grinding. In grinding process, some diamond grains will penetrate beyond
the critical depth of cut and induce brittle damage, as shown in Fig. 1. Hence, in
order to realize the ultra-precision grinding of hard and brittle materials with coarse-
grained diamond wheels, an efficient conditioning technique must be developed to
guarantee diamond grains with a constant wheel peripheral envelope surface. To meet
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Fig. 1 Sketch map of coarse-grained diamond wheels for ultra-precision grinding of hard and
brittle materials

this requirement, three kinds of on-site conditioning technique were adopted for con-
ditioning the coarse-grained diamond wheels including electrolytic in-process dress-
ing (ELID)-assisted conditioning with metal bond diamond truer, thermochemical
conditioning with metal truer, and mechanical conditioning with vitrified diamond
truer.

2.1 ELID-Assisted Conditioning of Coarse-Grained Grinding
Wheels

Dressing of grinding wheels based on the oxidation of the metal bond was initially
developed by Ohmori and Nakagawa [9]. Here, the ELID technique was used for
the metal bond diamond truer in order to avoid the loading, leading to a continuous
and stable conditioning process. Unlike the fine-grained diamond wheel, in this
conditioning process, not the bond material but the outstanding tops of diamond
grits were cut off in order to insure the diamond grains within a constant wheel
peripheral envelope surface.

An experimental system illustrated in Fig. 2 was developed. The metal bond
diamond truer with 91-pm grain size was mounted on the work spindle which was
dressed in-process by ELID method. The interaction between the grinding wheel and
the truer was a truncating mechanism along with the motion in X- and Z-directions,
eventually resulting in flattened grains, until finally a constant grain peripheral enve-
lope was obtained. The parameters of 60 V, 40% duty, and 20 A current were used
for ELID system. The D151 monolayer nickel electroplated diamond wheels were
adopted. The conditioning parameters were grinding wheel speed of 5000 rpm, infeed
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Fig. 3 D151 coarse-grained diamond wheel run-out errors (top) and corresponding wheel topogra-
phies (bottom) [8]

depth per step of 1.5 wm, reciprocating speed of 6 mm/min, and truer speed of
1000 rpm.

Before conditioning, the run-out of coarse-grained diamond wheel exhibited a
sine wave, as shown in Fig. 3a. The PV value of run-out error was about 20 pm.
The run-out error decreases gradually following the conditioning process. Finally,
the run-out error of 1 wm was realized after a total conditioning depth of 200 pm,
which means a constant grain peripheral envelope was obtained. From the optical
images, it can be found there were almost no flattened grains on the grinding wheel
surface before the conditioning. As the conditioning process goes on, more and more
diamond grains were truncated resulting in more flattened grain tops created. Hence,
the average grain protrusion height was decreased, until the final stage shows that
the bonding material was also contacted sharing the same level with the top-flattened
diamond grains solidly embedded in the bonding material.

Figure 4a shows improved trend of run-out errors during the conditioning process.
The changing trend of the conditioning forces is shown in Fig. 5b. Finally, the run-
out errors decreased to 1.0-2.5 pm regarding different wheel peripheries from the
original 16-18 pwm. The change of conditioning forces, i.e., normal force Fn and
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Fig. 4 Improvement of the D151 diamond wheel run-out error during conditioning [8]

Fig. 5 SEM images of the
D151 diamond grinding
wheel surface topography
after the conditioning
process

D151-4-2 30° - 15 kV - 30.3.2005

tangential force Ft, as well as the force ratio Fn/Ft as a function of conditioning
infeed depth is shown in Fig. 5b. As the infeed increases, both Fn and Ft increase
with different speeds. Thus, the ratio Fn/Ft also increases from 3.3 to 4.35. This
is caused by the increase of grain overlap rate, which means more flattened grain
surfaces are generated on both the conditioning and grinding wheel, thereby creating
a larger contact area between diamond grains, resulting in a bigger bearing ratio
and hence larger normal forces and tangential forces. However, the tangential force
does not increase as fast as the normal force; therefore, the measured increase of the
ratio Fn/Ft indicates that a relatively slower truncating speed among diamond grains
begins.

It can be seen from Fig. 5 that all diamond grains were conditioned with smoothly
flattened top surfaces indicating that the mechanism was predominately attrition.
However, there is still some tiny chipping, fracture, and cleavage present at the sides
and edges of the diamond grains which are mainly attributed to the unique truncating
process among super diamond abrasives, as well as the anisotropy of the diamond
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grains. Another very important aspect of the conditioning process is that there is no
shedding (pullout) of diamond grains, since the grains are held strongly by a tough
electroplated bonding material.

In conclusion, the on-site conditioning technique using ELID for D151 diamond
wheels with the optimized conditioning parameters was able to generate a grinding
wheel run-out error less than 2 pwm, a constant grain peripheral envelope, and a
flattened diamond grain top surface. It proves that this conditioning technique is
applicable and feasible for conditioning coarse-grained diamond wheels.

2.2 Thermochemical Conditioning of Coarse-Grained
Grinding Wheels

The above-mentioned ELID-assisted conditioning with metal bond diamond truer
definitely requires the additional ELID equipment. Furthermore, the ELID electrolyte
coolant is considered to erode the machining tool. Therefore, the thermochemical
conditioning with metal truer was developed for coarse-grained grinding wheels
further, in order to expand the application of coarse-grained grinding wheels.

Generally speaking, the thermochemical action is an important reason for diamond
abrasive wear when machining steel materials. During the machining process, the
chemical affinity interaction between iron and carbon atom could occur as follows
[10]

C(Diamond) + xFe — Fe, — C @))
C(Diamond) — C(Graphite) + xFe — Fe, — C 2)

Diamond could succumb to graphitization at higher machining temperature due to
its metastable feature. Therefore, the conversion from diamond to graphite becomes
fast. Moreover, at the contact area between diamond and steel, the carbon atoms
would penetrate to steel. The strong affinity between carbon and iron exacerbates the
diffusion motion. In this process, the carbon atoms spread to and fill the vacancies in
the metal lattice. In addition, the micro-collapse mechanical crushing also contributes
to the diamond grit wear. Stress concentration results in that the specific cutting force
may exceed the breaking strength of the diamond grits, and then the different forms of
mechanical micro damage appear on the diamond grits. It suggests that the diamond
wear mechanisms are mainly chemical reactions, diffusion motion, and mechanical
factors when machining steel materials. This means steel would be the conditioning
tool for coarse-grained diamond wheel.

Based on the above-mentioned analysis, the D151 electroplated coarse-grained
diamond grinding wheel with a diameter of 200 mm was conditioned using the
Cr12 steel by dry grinding process. Figure 6 shows the conditioning setup and the
schematic diagram. SiC block was used for sharpening the clogging grinding wheel
in conditioning process.
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Fig. 7 Run-out error curves (top) and peripheral contour (bottom): a before conditioning, b con-
ditioning for 2 h, ¢ conditioning for 4 h, and d conditioning for 6 h [11]

During the conditioning, the run-out error of grinding wheel was measured, as
shown in Fig. 7. The initial run-out error was mainly derived from the wheelbase
manufacturing error and installation deviation. Following the conditioning, the mea-
sured circumferential contour became increasingly close to the ideal profile. The
affinity interaction and chemical reactions between iron and carbon would occur on
the contact area, which thus accelerate the conditioning speed.

Figure 8 shows the diamond grit morphology before and after conditioning. After
conditioning, the diamond abrasive tips were flattened for reducing the run-out error.
For the diamond grit A, the stress concentration that led to the abrasive internal stress
was close to or even exceeded its fracture strength. Consequently, there generated the
sectional micro-crushing, which would be beneficial to avoid the violent collision
with the workpiece surface in the subsequent grinding. While for the grit B, the
diamond tip was gradually blunt, and a widening abrasion plane perpendicular to
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(a) Before conditioning (b) After conditioning

Fig. 8 Comparison of diamond grit morphology before and after conditioning [11]

Fig. 9 Surface morphology of conditioned grinding wheel by SEM

the wheel radius direction was then formed. The detail of surface morphology of
conditioned grinding wheel is shown in Fig. 9.

Raman spectra results have significant differences for various kinds of carbon
materials. The Raman peaks at 1327 and 1582 cm™! characterize sp3-hybridized
diamond and sp2 hybrid graphite, respectively, and the spectral peak of Fullerene
C60is at 1469 cm~' [12]. Figure 10a and b shows the laser Raman spectroscopy of the
diamond abrasive surface before and after conditioning. After conditioning, graphite
and C60 substances were generated on the abrasive surface. While the diamond and
C60 substances were also found on Cr12 steel surface, as shown in Fig. 10c. That
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Fig. 10 Raman spectra results of abrasives and truer: a before conditioning (abrasive), b after
conditioning (abrasive), and c¢ after conditioning (truer) [11]

was caused by the affinity action between diamond abrasive and steel truer, as well
as by the carbon atoms of abrasive gradually migrating and permeating to the truer.

It can be concluded that the electroplated coarse-grained diamond wheel could
be effective and precision conditioned by the thermochemical conditioning with
Cr12 metal truer. The run-out error quickly converged to 5.8 pwm. Graphite and C60
were generated on the conditioned abrasive surface, showing that the conditioning
mechanism is mainly involved in passivation, oxidation, and diffusion wear, as well
as in a small amount of micro-crushing. It should be noted, however, the conditioning
time was much longer than the ELID-assisted conditioning with metal bond diamond
truer. Moreover, the thermal deformation of grinding wheel caused by conditioning
heat would limit the further enhancement of conditioning accuracy.
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2.3 Mechanical Conditioning of Coarse-Grained Grinding
Wheels

In order to cover the problems of above-mentioned conditioning methods, an on-
site mechanical conditioning of coarse-grained diamond wheels was developed. The
metal truer was replaced by vitrified bond diamond truer. Figure 11 shows the experi-
mental setup for precision conditioning of coarse-grained diamond wheel. The 1A1-
type electroplated coarse-grained diamond wheel with grit size of D213 was adopted
in this experiment. The grinding wheel has the specification of diameter 75 mm and
width 3 mm. The conditioning process was performed on a precision plane grinder.
An additional precision spindle was fixed as the grinding spindle. The hydrostatic
spindle of grinder was used as the conditioning spindle. The vitrified diamond truer
(grain size of 75 wm) was adopted for realizing the conditioning of coarse-grained
diamond wheel. The outer diameter of the truer is 180 mm, and the width of the con-
ditioning area is 25 mm. The radial run-out of grinding wheel and the wheel-truer
contact state was measured by on-site laser displacement sensor and online acoustic
emission (AE) sensor, respectively. The consistent parameters including 5000 rpm
grinding wheel speed, 100 rpm truer speed, 50 mm/min reciprocating speed, and
1 wm per pass truing depth were used in the experiments.

The surface morphology of electroplated coarse-grained before and after con-
ditioning is shown in Fig. 12. The original diamond wheel surface morphology
exhibited embedded diamond grains with different geometries and different protru-
sion heights, which would lead to the brittle fracture of hard and brittle materials.
Figure 12b indicates the conditioned wheel surface by vitrified diamond truer with
180 wm truing depth. The micro-cleavage, fracture, and flat top surfaces were gen-
erated on the diamond grains. Compared with the conditioning method with metal
bond diamond truer and ELID, the conditioning process was operating in a more
steady state. The conditioning was never interrupted due to the friability and self-

Truer

Grinding wheel

Fig. 11 Conditioning experimental setup of coarse-grained diamond wheel
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(a) Original wheel

Fig. 12 Surface morphology of D213 diamond wheels

sharpening of vitrified truer. The conditioning cost time was reduced to less than 3 h,
and any additional equipment was not to be required.

To determine the conditioning threshold value of coarse-grained diamond wheel
for realizing the ultra-precision grinding, the influences of the truing depth on ground
surface quality, grinding wheel run-out was investigated. The BK7 glass workpiece
was grounded with the grinding parameters (5000 r/min, 30 mm/min, 2 pm) after
every 30-pwm truing depth, as shown in Fig. 13. It reveals that the truing depth had an
important influence on the ground surface topography. As described in Fig. 13a, there
were obvious groove profiles and the brittle removed areas on the ground surface
obtained by original coarse-grained diamond wheel, which means the material was
removed mainly in brittle regime. As the truing depth increased from 30 to 120 pm,
the surface groove depth and the brittle removed areas were decreased gradually,
while ductile removed areas, on the contrary, were increased. When the truing depth
increased to 150 wm, the workpiece surface was completely machined in ductile
regime, as shown in Fig. 13f. There is no brittle crack, and grinding traces were
observed on the ground surface. The surface roughness Ra values in the vertical
and parallel to the grinding direction were less than 4 and 2 nm, respectively. The
precision grinding of optical glass with nanometer-scaled surface roughness was
realized.

In the previous conditioning experiments, the radial run-out of grinding wheel is
a common judgment method for conditioning process, which is the same as that of
fine-grained grinding wheels. However, grinding experimental results (as shown in
Fig. 13) indicated the conditioned wheels with large run-out error could also often
yield ductile ground surface with nanometer scale roughness. This proves for coarse-
grained diamond wheel, the profile accuracy of contour circle which consists of well-
conditioned diamond grit flat tops is the key for realization of precision grinding,
but not the run-out error. For the run-out error of coarse-grained diamond wheel, not
only the abrasive grains but also the bond surface between grains would contribute
to the run-out measured results. When the diamond grain tops have been truncated
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Fig. 13 Ground surface morphology by conditioned wheels with different truing depths (x900)
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Fig. 14 Illustration of conditioned coarse-grained diamond wheel and the relation between grinding
wheel run-out and depth of cut [13]
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into a satisfactory contour circle, the radial run-out of grinding wheel was mainly
determined by the variation of grit protrusion height from bond surface of wheel, as
shown in Fig. 14 [13]. Therefore, the run-out error of coarse-grained diamond wheel
would not be limited in microns like the conventional fine-grained wheel, unless
the coarse-grained diamond grains are totally truncated off along the lowest plating
surface resulting in a minimized run-out error within 2 pm, as presented by Zhao
and Guo [8].

The effect of truing depth on the radial run-out of different surface positions of
grinding wheel is shown in Fig. 15a. It reveals that the truing depth has a serious
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Fig. 15 Effects of truing depth on grinding wheel run-out and conditioning AE signal

influence on grinding wheel run-out. The run-out values of different positions were
reduced gradually with the increase of truing depth. The run-out of original wheel
was 35-60 wm caused by both of wheel manufacture error and of wheel installation
error. The diamond wheel run-out values after truing depth of 120 and 150 pm were
14-20 and 11-18 pm, respectively. That means that, unlike fine diamond wheel
conditioning, the run-out values’ deviation of different wheel surface positions was
not converged at the end of conditioning process. In other words, the run-out variation
caused by measure position was more than that by truing depth, which resulted from
the irregular conditioned wheel surface. Therefore, the radial run-out of grinding
wheel is hard to be selected as the conditioning evaluation parameter.

Compared the radial run-out, the AE signal judgment method of grinding wheel
conditioning is more sensitive and can be measured online [14]. The relationship
between truing depth and AE signal of conditioning process is shown in Fig. 15b. In
the beginning of conditioning, the AE signal duty ratio was approximately equal to
10%, which implies only about 10% surface of diamond wheel was contacted with
truer. As the conditioning process goes on, the AE signal duty ratio was increased,
which means increasing surface of grinding wheel did contact with truer and more
and more diamond grains were conditioned and truncated. It should be noted that
the AE duty ratio reached 100%, when the truing depth was 120 pwm. According
to Fig. 13e, however, the conditioned coarse-grained diamond wheel with 120 um
truing depth did not realize entirely ductile precision grinding. This was because that
the AE measurement method used in this experiment only indicated the peripheral
conditioning status of diamond wheel, but the axial conditioning status could not
be estimated by AE signal duty ratio. The axial deviation of grain protrusion height
would also result in the cracks and brittle material removal in plane grinding. There-
fore, an additional conditioning process with truing depth of 30 pm was carried out
after the AE signal duty ratio was reached to 100%.

In conclusion, three kinds of conditioning technique were adopted for condi-
tioning coarse-grained diamond wheels including electrolytic in-process dressing
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(ELID)-assisted conditioning with metal bond diamond truer, thermochemical con-
ditioning with metal truer, and mechanical conditioning with vitrified diamond truer.
The experimental results indicated that all of three kinds of conditioning technique
are applicable and feasible for conditioning coarse-grained diamond wheels, in order
to realize the ultra-precision grinding of hard and brittle materials. In addition, the
judgment method of grinding wheel conditioning was investigated. Compared with
run-out error, the AE single is more suitable to be adopted as judgment parameter in
the conditioning process of coarse-grained diamond wheels.

3 Ultra-precision Grinding of Hard and Brittle Materials

In order to solve the problems of wheel loading and wheel wear, avoid the periodic
conditioning requirement of the fine-grained diamond wheels (grain size from several
microns down to submic