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Preface

Machining is a widely used process for producing intricate shapes on components
and artifacts and for providing precise tolerances that are required for the manu-
facture of parts at the micro- and nanoscale. Modern machining requires the use of
minimum quantities of lubricants, dry machining capability, high cutting speeds,
and long tool lives. However, existing tool materials have proven to be substandard
compared to newly developed nanostructured thin film coated cutting tools. There
is also a growing need for specially developed cutting tools for machining high
strength and hardness nanocrystalline metals and alloys.

In January 2000, President William J. Clinton talked about the exciting promise
of nanotechnology and later announced an ambitious national nanotechnology
initiative (NNI) that was enacted in 2001, and reauthorized by President George
W. Bush in 2006, with an initial budget of $497 million to promote nanoscale
research that would benefit society. The initiative has created a new industry
focused on providing nanostructured coatings and materials. The purpose of this
book is to present information and knowledge on the rapidly developing field of
machining with nanomaterials. The book is written in the spirit of scientific
endeavor outlined by Richard Feynman, who stated in 1960 that one of the greatest
challenges to scientists in the field of miniaturization is the manufacture of objects
using techniques such as turning and milling. The second edition of this book
presents information on machining fundamentals, machining stability and chatter,
developments in tool coatings, machining common engineering materials with
coated tools, dry machining, creating nanostructured metals using coated cutting
tools, multi-optimization of cutting conditions using coated tools, machining with
recoated cutting tools, modeling and machining biomaterials, and machining with
nanostructured abrasive diamond.

The structure of the book is based on matter provided by many colleagues and
the author wishes to thank the contributors of this book for helping construct a
source of knowledge and database on machining with nanomaterials and for



vi Preface

granting the editors permission to use such material. The editors also acknowledge
the help and support of Inderscience and Springer Publishers for allowing the
chapter contributors and editors to reproduce their work that was originally
published in refereed Inderscience journals and Springer publications.

Cambridge, MA, USA Mark J. Jackson
Oak Ridge, TN, USA Jonathan S. Morrell
March 2015
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Chapter 1
Fundamentals of Machining

Mark J. Jackson, M.D. Whitfield, G.M. Robinson, R.G. Handy,
Jonathan S. Morrell, J.P. Davim, W. Ahmed, and H. Sein

Abstract During chip formation there is a substantial increase in the specific
energy as chip size is reduced during machining. It is believed this is due to the
fact that all metals contain defects such as grain boundaries, missing and impurity
atoms, and when the size of the material removed decreases the probability of
encountering a stress-reducing defect decreases. Since the shear stress and strain in
metal cutting is unusually high, discontinuous microcracks usually form on the
primary shear plane. If the material is very brittle, or the compressive stress on the
shear plane is relatively low, microcracks will grow into larger cracks giving rise to
discontinuous chip formation. When discontinuous microcracks form on the shear
plane they will weld and reform as strain proceeds, thus joining the transport of
dislocations in accounting for the total slip of the shear plane. This chapter focuses
on machining at the micro- and nanoscale and attempts to explain the dominant
features of machining as the size effect becomes significant.

Keywords Machining ¢ Size effects ¢ Nanomachining ¢ Micromachining ¢
Nanomaterials

1.1 Introduction: Machining Effects

It has been known for a long time that a size effect exists in metal cutting, where the
specific energy increases with decrease in deformation size. Figure 1.1 shows the
construction of a tool moving into a piece of metal at a certain speed to form a
pronounced chip and the associated deformation zone showing the nature of flow
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Fig. 1.1 Chip formation
relationships when cutting
with no built-up edge [1]
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Fig. 1.2 Metal cutting with a built-up edge [1]

and its relationship to various machining parameters. Figure 1.2 shows the nature of
cutting with a built-up edge. Backer et al. [1] performed a series of experiments in
which the shear energy per unit volume deformed (us) was determined as a function
of specimen size for a ductile metal (SAE 1112 steel). The deformation processes
involved were as follows, listed from top to bottom with increasing size of speci-
men deformed:

» Surface grinding
e Micromilling

e Turning

» Tensile testing

The surface grinding experiments were performed under relatively mild condi-
tions involving plunge type experiments in which an 8-in. (20.3 cm) diameter wheel
was directed radially downward against a square specimen of length and width
0.5 in. (1.27 cm). The width of the wheel was sufficient to grind the entire surface of
the work at different downfeed rates (¢). The vertical and horizontal forces were
measured by a dynamometer supporting the workpiece. This enabled the specific
energy (us) and the shear stress on the shear plane (7) to be obtained for different
values of undeformed chip thickness (¢). The points corresponding to a constant
specific energy below a value of down feed of about 28 pin. (0.7 pm) are on a
horizontal line due to a constant theoretical strength of the material being reached
when the value of 7 goes below approximately 28 pin. (0.7 pm). The reasoning in
support of this conclusion is presented in Backer et al. [1].
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Fig. 1.3 Variation of shear stress on shear plane when cutting SAE 1112 steel [1]

In the micromilling experiments, a carefully balanced 6-in. (152 cm) carbide
tipped milling cutter was used with all but one of the teeth relieved so that it operated
as a fly milling cutter. Horizontal and vertical forces were measured for a number of
depths of cut (f) when machining the same sized surface as in grinding. The shear
stress on the shear plane (7) was estimated by a rather detailed method presented in
Backer et al. [1]. Turning experiments were performed on a 2.25-in. (5.72 cm)
diameter SAE 1112 steel bar pre-machined in the form of a thin-walled tube having a
wall thickness of 0.2 in. (5 mm). A zero degree rake angle carbide tool was operated
in a steady-state two-dimensional orthogonal cutting mode as it machined the end of
the tube. Values of shear stress on the shear plane (z) versus undeformed chip
thickness were determined for experiments at a constant cutting speed and different
values of axial infeed rate and for variable cutting speeds and a constant axial infeed
rate. The grinding, micromilling, and turning results are shown in Fig. 1.3.

A true stress—strain tensile test was performed on a 0.505-in. (1.28 cm) diameter
by 2-in. (5.08 cm) gage length specimen of SAE 1112 steel. The mean shear stress
at fracture was 22,000 psi (151.7 MPa). This value is not shown in Fig. 1.1 since it
falls too far to the right. Taniguchi discussed the size effect in cutting and forming
and presented his version of Fig. 1.1 in Fig. 1.4 [2]. Shaw [3] discusses the origin of
the size effect in metal cutting, which is believed to be primarily due to short-range
inhomogeneities present in all engineering metals.

When the back of a metal cutting chip is examined at very high magnification by
means of an electron microscope individual slip lines are evident as shown in
Fig. 1.5. In deformation studies, Heidenreich and Shockley [4] found that slip
does not occur on all atomic planes but only on certain discrete planes. In exper-
iments on deformed aluminum single crystals the minimum spacing of adjacent slip
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Fig. 1.4 Relationship between chip thickness and resisting shear stress for Fig. 1.3 as modified by
Taniguchi [2]

planes was found to be approximately 50 atomic spaces while the mean slip
distance along the active slip planes was found to be about 500 atomic spaces.
These experiments further support the observation that metals are not homogeneous
and suggest that the planes along which slip occurs are associated with inhomoge-
neities in the metal. Strain is not uniformly distributed in many cases. For example,
the size effect in a tensile test is usually observed only for specimens less than
0.1 in. (2.5 mm) in diameter. On the other hand, a size effect in a torsion test occurs
for considerably larger samples due to the greater stress gradient present in a torsion
test than in a tensile test. This effect and several other related ones are discussed in
detail by Shaw [3].

1.1.1 Prediction of friction power Angle

There have been many notable attempts to derive an equation for the shear angle (¢)
shown in Fig. 1.6 for steady-state orthogonal cutting. Ernst and Merchant [5]
presented the first quantitative analysis. Figure 1.7 shows forces acting on a chip
at the tool point where R = the resultant force on the tool face, R’ = the resultant
force in the shear plane, Nc and F are the components of R normal to and parallel
to the tool face, Ng and Fg are the components of R’ normal to and parallel to the
cutting direction, Fg and Fp are the components of R normal to and parallel to the
cutting direction, and f = tan~' Fo/Nc (is called the friction angle).

Assuming the shear stress on the shear plane (7) to be uniformly distributed it is
evident that
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Fig. 1.6 Nomenclature Ve
for two-dimensional
steady-state orthogonal
cutting process [5]

Fig. 1.7 Cutting forces at the tool tip for the cutting operation shown in Fig. 1.6 [5]

Fs R'cos(¢p+p—a)sing
A 1 (1.1)

where Ag and A are the areas of the shear plane and that corresponding to the width
of cut (b), times the depth of cut (7). Ernst and Merchant [5] reasoned that z should
be an angle such that 7 would be a maximum and a relationship for ¢ was obtained
by differentiating (1.1) with respect to ¢ and equating the resulting expression to
zero produces

(1.2)

However, it is to be noted that in differentiating, both R’ and B were considered
independent of ¢.
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Fig. 1.8 Relationship between ¢ and (41— a) for various workpiece materials (After Pugh
given in [3])

Merchant [6] presented a different derivation that also led to (1.2). This time an
expression for the total power consumed in the cutting process was first written as

cos(f—a)
singcos (p+ f — a)

It was then reasoned that ¢ would be such that the total power would be a minimum.
An expression identical to (1.2) was obtained when P was differentiated with
respect to ¢, this time considering 7z and f to be independent of ¢. The Merchant
relationship is shown in Fig. 1.8 for a selection of workpiece materials.

Piispanen [7] had done this previously in a graphical way. However, he imme-
diately carried his line of reasoning one step further and assumed that the shear
stress 7 would be influenced directly by normal stress on the shear plane as follows:

P = FpV = (7AV)

(1.3)

T=10 +K5 (14)

where K is a material constant. Piispanen then incorporated this into his graphical
solution for the shear angle. Upon finding (1.2) to be in poor agreement with
experimental data Merchant also independently (without knowledge of Piispanen’s
work at the time) assumed that the relationship given in (1.4), and proceeded to
work this into his second analysis as follows. From Fig. 1.7 it may be seen that

c=ttan (¢ +p—a) (1.5)
or from (1.4)
70 =17+Krtan (¢ +f — a) (1.6)
Hence,
T kil (1.7)

:l—Ktan(¢+ﬂ—a)



1 Fundamentals of Machining 9

Table 1.1 Ve.llues of Cin Work material Tool material C (Degrees)

(oot e sy

without a cutting fluid SAE 1035 Steel Carbide 73
SAE 1035 Steel Diamond 86
AISI 1022 (leaded) HSS* 77
AISI 1022 (leaded) Carbide 75
AISI 1113 (sul.) HSS* 76
AISI 1113 (sul.) Carbide 75
AISI 1019 (plain) HSS?* 75
AISI 1019 (plain) Carbide 79
Aluminum HSS* 83
Aluminum Carbide 84
Aluminum Diamond 90
Copper HSS* 49
Copper Carbide 47
Copper Diamond 64
Brass Diamond 74

2HSS high-speed steel

When this is substituted into (1.3), we have

70AV cos (f — a)
[l—Ktan(¢p+ f — a)]singpcos (p + f — a)

P= (1.8)

Now, when P is differentiated with respect to ¢ and equated to zero (with 7, and
p considered independent of ¢), we obtain

_cot™(K) B
=% ot

a C—pf+a
> 5 (1.9)
Merchant called the quantity, cot™ ' K, the machining “constant” C. The quantity
C is seen to be the angle the assumed line relating = and ¢ makes with the 7 axis
[6-8]. Merchant [9] has determined the values of C given in Table 1.1 for materials
of different chemistry and structure being turned under finishing conditions with
different tool materials. From this table it is evident that C is not a constant.
Merchant’s empirical machining “constant” C that gives rise to (1.9) with values
of ¢ is in reasonably good agreement with experimentally measured values.
While it is well established that the rupture stress of both brittle and ductile
materials is increased significantly by the presence of compressive stress (known as
the Mohr Effect), it is generally believed that a similar relationship for flow stress
does not hold. However, an explanation for this paradox with considerable
supporting experimental data is presented below. The fact that this discussion is
limited to steady-state chip formation rules out the possibility of periodic gross
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cracks being involved. However, the role of microcracks is a possibility consistent
with steady-state chip formation and the influence of compressive stress on the flow
stress in shear.

A discussion of the role microcracks can play in steady-state chip formation is
presented in the next section. Hydrostatic stress plays no role in the plastic flow of
metals if they have no porosity. Yielding then occurs when the von Mises criterion
reaches a critical value. Merchant [8] has indicated that Barrett [10] found that for
single crystal metals zg is independent of g5 when plastics such as celluloid are cut.
In general, if a small amount of compressibility is involved yielding will occur
when the von Mises criterion reaches a certain value.

However, based on the results of Table 1.1, the role of compressive stress on
shear stress on the shear plane in steady-state metal cutting is substantial. The fact
there is no outward sign of voids or porosity in steady-state chip formation of a
ductile metal during cutting and yet there is a substantial influence of normal
stress on shear stress on the shear plane represents an interesting paradox. It is
interesting to note that Piispanen [7] had assumed that shear stress on the shear
plane would increase with normal stress and had incorporated this into his
graphical treatment.

1.1.2 Plastic Behavior at Large Strains

There has been little work done in the region of large plastic strains. Bridgman
[11] used hollow tubular notched specimens to perform experiments under com-
bined axial compression and torsion. Strain was concentrated in the reduced
sections and it was possible to crudely estimate and plot shear stress vs. shear
strain with different amounts of compressive stress on the shear plane. From these
experiments Bridgman concluded that the flow curve for a given material was the
same for all values of compressive stress on the shear plane, a result consistent
with other materials experiments involving much lower plastic strains. However,
the strain at gross fracture was found to be influenced by compressive stress. A
number of related results and size effect models are considered in the following
subsections.

1.1.3 Langford and Cohen’s Model

Langford and Cohen [12] were interested in the behavior of dislocations at very
large plastic strains and whether there was saturation relative to the strain-
hardening effect with strain, or whether strain hardening continued to occur with
strain to the point of fracture. Their experimental approach was an interesting and
fortunate one. They performed wire drawing on iron specimens using a large
number of progressively smaller dies with remarkably low semi die angle (1.5°)
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and a relatively low (10 %) reduction in area per die pass. After each die pass, a
specimen was tested in uniaxial tension and a true stress—strain curve obtained.
The drawing and tensile experiments were performed at room temperature and low
speeds to avoid heating and specimens were stored in liquid nitrogen between
experiments to avoid strain aging effects. All tensile results were then plotted in a
single diagram, the strain used being that introduced in drawing (0.13 per die pass)
plus the plastic strain in the tensile test. The general overlap of the tensile stress—
strain curves gives an overall strain-hardening envelope, which indicates that the
wire drawing and tensile deformations are approximately equivalent relative to
strain hardening [13].

Blazynski and Cole [14] were interested in strain hardening in tube drawing and
tube sinking. Drawn tubes were sectioned and tested in plane strain compression.
Up to a strain of about 1 the usual strain-hardening curve was obtained that is in
good agreement with the generally accepted equation,

c=o01&" (1.10)
However, beyond a strain of 1, the curve was linear corresponding to the equation,
c=A+Be, (e<1) (1.11)

where A and B are constants. It may be shown that
A=(1-n)o; (1.12)
B = no, (1.13)

From transmission electron micrographs of deformed specimens, Langford and
Cohen found that cell walls representing concentrations of dislocations began to
form at strains below 0.2 and became ribbon shaped with decreasing mean linear
intercept cell size as the strain progressed. Dynamic recovery and cell wall migra-
tion resulted in only about 7 % of the original cells remaining after a strain of 6. The
flow stress of the cold-worked wires was found to vary linearly with the reciprocal
of the mean transverse cell size [15].

1.1.4 Walker and Shaw’s Model

Acoustic studies were performed on specimens of the Bridgman type but fortu-
nately, lower levels of axial compressive stress than Bridgman had used were
employed in order to more closely simulate the concentrated shear process of
metal cutting. The apparatus used that was capable of measuring stresses and strains
as well as acoustic signals arising from plastic flow is described in the dissertation
of Walker [16]. Two important results were obtained:
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1. Aregion of rather intense acoustical activity occurred at the yield point followed
by a quieter region until a shear strain of about 1.5 was reached. At this point
there was a rather abrupt increase in acoustical activity that continued to the
strain at fracture which was appreciably greater than 1.5.

2. The shear stress appeared to reach a maximum at strain corresponding to the
beginning of the second acoustic activity (y = 1.5).

The presence of the notches in the Bridgman specimen made interpretation of
stress—strain results somewhat uncertain. Therefore, a new specimen was designed
which substitutes simple shear for torsion with normal stress on the shear plane. By
empirically adjusting distance Ax to a value of 0.25 mm it was possible to confine
all the plastic shear strain to the reduced area, thus making it possible to readily
determine the shear strain (y &~ Ay/Ax). When the width of minimum section was
greater or less than 0.25 mm, the extent of plastic strain observed in a transverse
micrograph at the minimum section either did not extend completely across the
0.25 mm dimension or beyond this width.

Similar results were obtained for non-resulfurized steels and other ductile
metals. There is little difference in the curves for different values of normal stress
on the shear plane (o) to a shear strain of about 1.5 [17]. This is in agreement with
Bridgman. However, beyond this strain the curves differ substantially with com-
pressive stress on the shear plane. At large strains, ¢ was found to decrease with
increase in (y), a result that does not agree with Bridgman [11].

It is seen that for a low value of normal stress on the shear plane of 40 MPa strain
hardening appears to be negative at a shear strain of about 1.5; that is, when the
normal stress on the shear plane is about 10 % of the maximum shear stress reached,
negative strain hardening sets in at a shear strain of about 1.5. On the other hand,
strain hardening remains positive to a normal strain of about 8 when the normal
stress on the shear plane is about equal to the maximum shear stress.

1.1.5 Usui’s Model

In Usui et al. [18] an experiment is described designed to determine why CCly is
such an effective cutting fluid at low cutting speeds. Since this also has a bearing on
the role of microcracks in large strain deformation, it is considered here. A piece of
copper was prepared [18]. The piece that extends upward and appears to be a chip is
not a chip but a piece of undeformed material left there when the specimen was
prepared. A vertical flat tool was then placed precisely opposite the free surface and
fed horizontally. Horizontal Fp and vertical Fg forces were recorded as the shear
test proceeded. It was expected that the vertical piece would fall free from the lower
material after the vertical region had been displaced a small percentage of its length.
However, it went well beyond the original extent of the shear plane and was still
firmly attached to the base. This represents a huge shear strain since the shear
deformation was confined to a narrow band. When a single drop of CCl, was placed
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Fig. 1.9 Photomicrographs of specimens that have been sheared a distance approximately equal
to the shear plane length: (a) in air and (b) with a drop of CCl, applied [3]

before the shear test was conducted, the protrusion could be moved only a fraction
of the displacement in air before gross fracture occurred on the shear plane.
Figure 1.9 shows photomicrographs of experiments without and with CCly. It is
apparent that CCl, is much more effective than air in preventing microcracks from
re-welding.

1.1.6 Saw Tooth Chip Formation

Saw tooth chip formation for hard steel discussed by Vyas and Shaw [19] is another
example of the role microcracks play. In this case gross cracks periodically form at
the free surface and run down along the shear plane until sufficient compressive
stress is encountered to cause the gross crack to change to a collection of isolated
microcracks.
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1.1.7 Fluid-Like Flow in Chip Formation

An interesting paper was presented by Eugene [20]. Water was pumped into baffled
chamber that removed eddy currents and then caused flow under gravity past a
simulated tool. Powdered bakelite was introduced to make the streamlines visible as
the fluid flowed passed the tool.

The photographs taken by the camera were remarkably similar to quick stop
photomicrographs of actual chips. It was thought by this author at the time that
any similarity between fluid flow and plastic flow of a solid was not to be
expected. That was long before it was clear that the only logical explanation for
the results of Bridgman and Merchant involve microfracture [21]. A more recent
paper was presented that again suggests that metal cutting might be modeled by a
fluid [22]. However, this paper was concerned with ultraprecision machining
(depths of cut <4 pm) and potential flow analysis was employed instead of the
experimental approach taken by Eugene.

It is interesting to note that chemists relate the flow of liquids to the migration of
vacancies (voids) just as physicists relate ordinary plastic flow of solid metals to the
migration of dislocations. Henry Eyring and co-workers [23—25] have studied the
marked changes in volume, entropy, and fluidity that occur when a solid melts. For
example, a 12 % increase in volume accompanies melting of Argon, suggesting the
removal of every eighth molecule as a vacancy upon melting. This is consistent
with X-ray diffraction of liquid argon that showed good short-range order but poor
long-range order. The relative ease of diffusion of these vacancies accounts for the
increased fluidity that accompanies melting.

A random distribution of vacancies is also consistent with the increase in
entropy observed on melting. Eyring’s theory of fluid flow was initially termed
the hole theory of fluid flow but later The Significant Structure Theory which is the
title of the Eyring-Jhon book [24]. According to this theory, the vacancies in a
liquid move through a sea of molecules. Eyring’s theory of liquid flow is men-
tioned here since it explains why the flow of a liquid approximates the flow of
metal passed a tool in chip formation. In this case microcracks (voids) move
through a sea of crystalline solid.

1.2 Size Effects in Micromachining

It is appropriate at this point to mention that an alternative explanation for the
increase in hardness that occurs when the indentation size is reduced in metals has
recently been introduced [26—37]. This is based on the fact that there is an increase
in the strain gradient with reduction in indentation size. This has been extended by
Dinesh et al. [38] to explain the size effect in machining. In the Dinesh et al. [38]
analysis the size effect in hardness is related to that in cutting by assuming the von
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Mises criterion is applicable. Based on the experiments of Merchant, it is evident
that this is not applicable in steady-state chip formation.

In this strain gradient theory two types of dislocations are proposed: geometri-
cally necessary dislocations (p,) that are responsible for work hardening and
statistically stored dislocations (ps) that are affected by a strain gradient. When
P > ps conventional plasticity pertains (strain rate unimportant) but when p, < pg
a constitutive equation including strain rate should be included.

The impression one obtains in reading Dinesh et al. [38] is that the strain gradient
approach is uniquely responsible for the size effect in cutting. In their concluding
remarks it is suggested that it should be possible to verify the validity of the strain
rate formulation by experiments designed to test predictions of this approach. This
has not yet been done and until it is it will not be possible to determine whether the
influence of strain rate is significant in the chip formation application. In any case, it
is believed the explanation presented here based on the influence of defects and
normal stress on the shear plane is sufficiently well supported by the experiments
described that it should not be considered insignificant.

1.3 Nanomachining

Nanomachining can be classified into four categories:

¢ Deterministic mechanical nanometric machining. This method utilizes fixed and
controlled tools, which can specify the profiles of three-dimensional components
by a well-defined tool surface and path. The method can remove materials in
amounts as small as tens of nanometers. It includes typically diamond turning,
micromilling, and nano/microgrinding.

¢ Loose abrasive nanometric machining. This method uses loose abrasive grits to
remove a small amount of materials. It consists of polishing, lapping, and
honing.

* Nonmechanical nanometric machining. It comprises focused ion beam machin-
ing, micro-EDM, and excimer laser machining.

» Lithographic method. It employs masks to specify the shape of the product.
Two-dimensional shapes are the main outcome; severe limitations occur when
three-dimensional products are attempted. It mainly includes X-ray lithography,
LIGA, electron beam lithography.

Mechanical nanometric machining has more advantages than other methods
since it is capable of machining complex 3D components in a controllable way.
The machining of complex surface geometry is just one of the future trends in
nanometric machining, which is driven by the integration of multiple functions in
one product.

For instance, the method can be used to machine micromoulds and dies with
complex geometric features and high dimensional and form accuracy, and even
nanometric surface features. The method is indispensable to manufacturing
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complex micro- and miniature structures, components and products in a variety of
engineering materials. This chapter focuses on nanometric cutting theory, methods
and its implementation and application perspectives [39—43].

1.3.1 Nanometric Machining

Single-point diamond turning and ultraprecision grinding are two major
nanometric machining approaches. They are both capable of producing extremely
fine cuts. Single-point diamond turning has been widely used to machine nonfer-
rous metals such as aluminum and copper. An undeformed chip thickness about
1 nm is observed in diamond turning of electroplated copper [44]. Diamond
grinding is an important process for the machining of brittle materials such as
glasses and ceramics to achieve nanometer levels of tolerances and surface finish.
A repeatable optical quality surface roughness (surface finish <10 nm Ra) has
been obtained in nanogrinding of hard steel by Stephenson et al. using 76 pm grit
c¢BN wheel on the ultra-precision grinding machine tool [45]. Recently, diamond
fly-cutting and diamond milling have been developed for machining
non-rotational non-symmetric geometry, which has enlarged the product spec-
trum of nanometric machining [46]. In addition the utilization of ultra-fine grain
hard metal tools and diamond coated microtools represents a promising alterna-
tive for microcutting of even hardened steel [47].

Early applications of nanometric machining are in the mass production of some
high precision parts for microproducts, or microsystems. In fact, microproducts,
or microsystems, will be the first path that enables nanoproducts to enter the
marketplace since microproducts, or microsystems, have been dominating nano-
technology application markets worldwide [48]. It also anticipates that
microproducts will have more and more requirements around the world. It is
very interesting to see that the IT peripheral market is still the biggest market of
microproducts. In 2005, the total turnover of microproducts reached US$38
billion, which is two times that of the total turnover in 2000. Nanometric machin-
ing can be applied in bulk machining of silicon, aluminum substrates for computer
memory disks, etc. In other areas such as biomedical, automotive, household, and
telecommunication the total turnovers of microproducts are still steadily growing.
Nanometric machining is also very promising in the production of sensors,
accelerometer, actuators, micro-mirror, fiber optics connectors, and micro-
displays. In fact applications of nanoproducts will enhance the performance of
microproducts in the form of sensitivity, selectivity, and stability [49]. In 2006, IT
lost this predominant position owing to new MEMS-based applications in sectors
such as biotechnology and communication (optical and radio frequency
switching, for example, will become a major growth area) [50]. Nanometric
machining still has priority in this application area. The microproducts are
normally integrated products of some electronics, mechanical parts and optical
parts while in miniature or microdimensions. In fact only small number of
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microproducts solely relies on electronics. The mechanical and optical parts are of
significant importance for microproducts. The indispensable advantage of
nanometric machining is its applicability to manufacture 3D complex compo-
nents/devices including micromoulds, dies, and embossing tooling for cheap
mass production of optical and mechanical parts. Therefore, it is undoubtedly
one of the major enabling technologies for commercialization of nanotechnology
in the future.

1.3.2 Theoretical Basis of Nanomachining

Scientific study of nanometric machining has been undertaken since late 1990s.
Much attention to the study has been paid especially with the advance of nanotech-
nology [51]. The scientific study will result in the formation of the theoretical basis
of nanometric machining, which enables the better understanding of nanometric
machining physics and the development of its controllable techniques to meet the
advanced requirements for nanotechnology and nanoscience.

1.3.2.1 Cutting Force and Energy

In nanomanufacturing, the cutting force and cutting energy are important issues.
They are important physical parameters for understanding cutting phenomena as
they clearly reflect the chip removal process. From the aspect of atomic structures
cutting forces are the superposition of the interactions forces between workpiece
atoms and cutting tool atoms. Specific energy is an intensive quantity that charac-
terizes the cutting resistance offered by a material [52].

Ikawa et al. and Luo et al. have acquired the cutting forces and cutting energy by
molecular dynamics simulations [51-54]. Moriwaki and Lucca have carried out
experiments to measure the cutting forces in nanometric machining [51]. Figure 1.10
shows the simulation and experimental results in nanometric cutting. Figure 1.10a
illustrates the linear relation exists between the cutting forces per width and depth
of uncut in both simulations and experiments. The cutting forces per width increase
with the increment of the depth of cut.

The difference in the cutting force between the simulations and the experiments
is caused by the different cutting edge radii applied in the simulations. In
nanometric machining the cutting edge radius plays an important role since the
depth of cut is similar in scale. Under the same depth of cut higher cutting forces are
needed for a tool with a large cutting edge radius compared with a tool with a small
cutting edge radius.

The low cutting force per width is obviously the result of fine cutting conditions,
which will decrease the vibration of the cutting system and thus improve the
machining stability and will also result in better surface roughness. A linear
relationship between the specific energy and the depth of cut can also be observed
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in Fig. 1.10b. The figure shows that the specific energy increases with a decreasing
of depth of cut, because the effective rake angle is different under different depths
of cut. In small depths of cut the effective rake angle will increase with the
decreasing of depth of cut. Large rake angle results in the increasing of specific
energy.

This phenomenon is often called the “size effect,” which can be clearly
explained by material data listed in Table 1.2. According to Table 1.2, in
nanometric machining only point defects exist in the machining zone in a crystal,
so it will need more energy to initiate the atomic-crack or atomic-dislocation. The
decreasing of depth of cut will decrease the chance for the cutting tool to meet point
defects and result in the increasing of the specific cutting energy.



