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Foreword by Sir Harold W. Kroto

The new millennium has seen the birth of a new perspective that
conflates research in solid-state physics, biological science as well
as materials engineering. The perspective is one that recognizes that
future new advances in all these areas will be based on a funda-
mental understanding of the atomic and molecular infrastructure of
materials that has resulted from two centuries of chemistry. Major
advances will be achieved when the novel behavior, in particular the
quantum mechanical behavior, that nanoscale structures possess, can
be controlled and harnessed.

To go with this new perspective the conflated fields have
acquired a new name - Nanoscience and Nanotechnology (N&N).
The promise of developing functional devices at the molecular and
atomic scale is now becoming a reality. However, a massive effort is
still needed in order to control the fabrication of such novel nano-
devices and nanomachines and exploit processes based on quantum
mechanical laws. The next decade should see the emergence of new
technologies based on nano-systems with not only improved but
hopefully also fundamentally new physico-chemical properties pro-
duced at reasonable costs. Experimental and theoretical research
should lead to industrial applications yielding important break-
throughs. If universities, independent research centers, government
agencies and innovative industrial organizations invest time and re-
sources imaginatively in this multidisciplinary adventure, a highly
synergistic process will ensue in the development of these new
technologies.

Nanotechnology is the ability to manipulate atoms and molecules
to produce nanostructured materials and functional nanocoatings on
biomedical devices and surgical tools. Nanotechnology is likely to
have a significant effect on the global economy and on society in
this century, and it promises to make breakthroughs in the biological
and medical sciences.

This book contains chapters that focus not only on fundamental
advances that are taking place but also on important applications, in
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particular in the biomedical field that promise to revolutionize a
wide range of technologies in the 21* century. The unique properties
that emanate from nanoscale structures are immensely varied and in
the next decade nanoscience and nanotechnology will give birth to a
vast new range of exciting technological applications that promise to
help the creation of a sustainable socio-economic environment.

Professor Sir Harold W. Kroto, FRS
Nobel Laureate, Chemistry 1996



Preface

Medical devices and surgical tools that contain micro and nano-
scale features allow surgeons to perform clinical procedures with
greater precision and safety in addition to monitoring physiological
and biomechanical parameters more accurately. While surgeons
have started to master the use of nanostructured surgical tools in the
operating room, the impact and interaction of nanomaterials and
nanostructured coatings has yet to be addressed in a comprehensive
manner.

Nobel Laureate Richard Feynman’s revolutionary vision on
nanotechnology was captured in a paper published in the February
1960 issue of Caltech’s journal, ‘Engineering and Science’. In this
paper, Feynman speaks about manipulating atoms and constructing
products atom-by-atom, and molecule-by-molecule. Feynman de-
scribes the scaling down of lathes and drilling machines, and talks
about drilling holes, turning, molding, and stamping parts. Even in
1959, Feynman describes the need for micro and nanofabrication as
the basis for creating a microscopic world that would benefit man-
kind. Nanotechnology encompasses technology performed at the
nanoscale that has real world applications. Nanotechnology will
have a profound effect on our society that will lead to breakthrough
discoveries in materials and manufacturing, medicine, healthcare,
the environment, sustainability, energy, biotechnology, and informa-
tion technology.

President Bill Clinton talked about the exciting promise of
nanotechnology in January 2000, and later announced an ambitious
national nanotechnology initiative (NNI) that was enacted in 2001
with a budget of $497 million to promote nanoscale research that
would benefit society. The purpose of this book is to present infor-
mation and knowledge on the emerging field of surface engineered
biomedical devices and surgical tools. The book is written in the
spirit of scientific endeavor outlined by Richard Feynman, who
stated that one of the greatest challenges to scientists in the field of
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miniaturization is the manufacture of objects for medical applica-
tions using techniques such as turning, molding, stamping, and drill-
ing. The book presents information on surface engineered surgical
tools and medical devices that looks at the interaction between
nanotechnology, nanomaterials, and tools for surgical applications.
Chapters of the book describe developments in coatings for heart
valves, stents, hip and knee joints, cardiovascular devices, orthodon-
tic applications, and regenerative materials such as bone substitutes.
Chapters are also dedicated to the performance of surgical tools and
dental tools and also describe how nanostructured surfaces can be
created for the purposes of improving cell adhesion between medical
device and the human body.

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 information
on surface engineered medical devices and surgical tools and for
granting the editors permission to use such matter.

Mark J. Jackson
Purdue University

Waqgar Ahmed
University of Ulster

October 2006
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1. Atomic Scale Machining of Surfaces

1.1 Introduction

Molecular dynamic simulations of machining at the atomic scale can
reveal a significant amount of information regarding the behavior of
machining and grinding processes that cannot be explained easily
using classical theory or experimental procedures. This chapter ex-
plains how the use of molecular dynamic simulations can be applied to
the many problems associated with machining and grinding at the
meso, micro, and nanoscales. These include: (a) mechanics of nano-
scale machining of ferrous and non-ferrous materials; (b) physics of
nanoscale grinding of semiconductor materials; (c) effects of simula-
ting a variety of machining parameters in order to minimize sub-surface
damage; (d) modeling of exit failures experienced during machining
such as burr formation and other dynamic instabilities during chip
formation; (e) simulation of known defects in microstructures using
molecular dynamic simulations, statistical mechanical, and Monte
Carlo methods; (f) simulation of machining single crystals of known
orientation; (g) extremely high speed nanometric cutting; (h) tool
wear during machining; and (i) the effects of hardness on the wear
of tool and workpiece materials. The nature of wear of the material
ahead of the machining and grinding process, the variation of machin-
ing forces, and the amount of specific energy induced into the work-
piece material using molecular dynamic simulations is discussed in
this chapter.

Nanotechnology is the creation and utilization of materials, struc-
tures, devices and systems through the control of matter at the nano-
meter length scale. The essence of nanotechnology is the ability to
work at these levels to generate large structures with fundamentally
new properties. Although certain applications of nanotechnology,
such as giant magnetoresistance (GMR) structures for computer hard
disk read head and polymer displays have entered the marketplace,
in general nanotechnology is still at a very early stage of development.
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The barriers between nanotechnology and the marketplace lie in how
to reduce the fabrication cost and how to integrate nanoscale assem-
blies with functional microscale and macro devices. Therefore, reliable
mass production of nanostructures is currently one of the most crucial
issues in nanotechnology. The commercialization of nanotechnology
has to address the underlying necessities of predictability, repeata-
bility, producibility and productivity in manufacturing at nanometer
scale.

Nanometric machining refers to a “top down” nanofabrication app-
roach. To the authors’ knowledge the concept of nanometric machining
1s more concerned with precision rather than the characteristic size
of the product. Therefore, nanometric machining is defined as the
material removal process in which the dimensional accuracy of a
product can be achieved is 100 nm or less. Nanometric machining can
be classified into four categories:

e Deterministic mechanical nanometric machining. This method
utilizes fixed and controlled cutting tools, which can specify the
profiles of three-dimensional components by a well-defined tool
surface. The method can remove materials in amounts as small as
tens of nanometers. It includes processes such as diamond turning,
micro milling, and nano/micro grinding.

e Loose abrasive nanometric machining. This method uses loose
abrasive grits to removal a small amount of material. It consists
of polishing, lapping, and honing, etc.

e Non-mechanical nanometric machining comprises processes
such as focused ion beam machining, micro-EDM, and excimer
laser machining.

e Lithographic method. The method employs masks to specify the
shape of the product. Two-dimensional shapes are the main out-
come; severe limitations occur when three-dimensional products
are attempted [1]. Processes include X-ray lithography, LIGA,
and electron beam lithography.

The author believes that mechanical nanometric machining has
more advantages than other methods since it is capable of machining
complex 3D components in a controllable and deterministic way.
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The machining of complex surface geometries 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 micro moulds/dies with complex geometric features
and high dimensional and form accuracy, and even nanometric
surface features. The method is indispensable to manufacturing com-
plex 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 per-
spectives.

1.2 Theoretical Basis of Nanomachining

The scientific study of nanometric machining has been undertaken
since the late 1990s. Much attention to the study has been paid espe-
cially with the advancement of nanotechnology [2]. 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 controllable techniques
to meet the requirements for nanotechnology and nanoscience.

1.2.1 Cutting Force and Energy

In nanomanufacturing, the cutting force and cutting energy are impor-
tant issues. They are important physical parameters for understand-
ing cutting phenomena as they clearly reflect the chip removal process.
From the point of view of atomic structures, cutting forces are the
superposition of the interactions of forces between workpiece atoms
and cutting tool atoms. Specific energy is an intensive quantity that
characterizes the cutting resistance offered by a material [3]. Ikawa
et alia [2], and Luo et alia [4] have acquired the cutting forces and
cutting energy by molecular dynamics (MD) simulations. Ikawa et alia
[2] have carried out experiments to measure the cutting forces in nano-
metric machining. Table 1.1 shows the simulation and experimental
results in nanometric cutting. Table 1.1 (a) illustrates the linear
relationship that exists between the cutting force per width and depth
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of cut 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 simulations and
experiment 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 required 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 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 in Fig. 1.1. The figure shows that the specific
energy increases with a decreasing of depth of cut, because the effec-
tive 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 angles result in an increase in specific
cutting energy. This phenomenon is often called the ‘size effect’,
which can be clearly explained by material data listed in Table 1.1.
According to Table 1.1, in nanometric machining only point defects
exist in the machining zone in a crystal. Therefore, the material will
need more energy to initiate the formation of an atomic-crack or the
movement of an atomic-dislocation. The decreasing of depth of cut
will decrease the chance for the cutting tool to meet point defects in
the material and will result in increasing the specific cutting energy.

If the machining unit is reduced to 1 nm, the workpiece material
structure at the machining zone may approach atomic perfection,
hence more energy will be required to break the atomic bonds. Alter-
natively, when the machining unit is higher than 0.1 pm, the machin-
ing points will fall into the distribution distances of some defects
such as dislocations, cracks, and grain boundaries. The pre-existing
defects will ease the deformation of workpiece material and result in
a comparatively low specific cutting energy.

Nanometric cutting is also characterized by the high ratio of the
normal to the tangential component in the cutting force [3,4], as the
depth of cut is very small in nanometric cutting and the workpiece is
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Table 1.1. Material properties under different machining units [5].

Inm-01pm 0.1 pm-10pm 10 pm — 1 mm
Defects/Impurities Point defect Dislocation/crack  Crack/grain
boundary
Chip removal unit Atomic Sub-crystal Multi-crystals
cluster
Brittle fracture limit ~ 10* J/m’-10° 10’ J/m’ - 10° 10* J/m’ - 10"
J/m’ J/m’ J/m’
Atomic-crack  Micro-crack Brittle crack
Shear failure limit 10*J/m*-10° 10’ J/m’ - 107 10* J/m’ - 10"
J/m’ J/m’ J/m’
Atomic- Dislocation slip Shear
dislocation deformation

mainly processed by the cutting edge. The compressive interactions
will thus become dominant in the deformation of the workpiece mate-
rial, which will therefore result in the increase of friction force at the
tool-chip interface with a relatively high cutting ratio.

Usually, the cutting force in nanometric machining is very difficult
to measure due to its small amplitude compared with the noise gene-
rated (mechanical or electronic) [2]. A piezoelectric dynamometer,
or load cell, is used to measure the cutting forces because of their
characteristic high sensitivity and natural frequency. Figure 1.2 shows
an experimental force measuring system in micromilling process
carried out by Dow et alia [6]. The three-axis load cell, Kistler 9251,
is mounted in a specially designed mount on the Y-axis of a Nano-
form 600 diamond turning machine. A piece of S-7 steel that has been
ground flat on both sides is used as the workpiece and secured through
the top of the load cell with a bolt preloaded to 30 N. The tool was
moved in the +Z direction to set the depth of cut and the workpiece
was fed in the +y direction to cut the groove.

The milling tool is mounted in a Westwind D1090-01 air bearing
turbine spindle capable of speeds up to 60,000 rpm. The spindle is
attached to the Z-axis of the Nanoform 600. To determine the rotatio-
nal speed of the tool and the orientation of each flute, an optical
detector (Angstrom resolver) was used to indicate a single rotation
of the spindle by reading a tool revolution marker aligned with one
flute. The measured 3D cutting forces under depth of cut of 25 um,
feed rate of 18.75 um/flute, are of the order of several Newtons.
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Fig. 1.1. The comparison of results between simulations and experiments: (a) cutting
force per width against depth of cut; (b) specific energy against depth of cut [2].

1.2.2 Cutting Temperature

In MD simulations, the cutting temperature can be calculated under
the assumption that the cutting energy totally transforms into cutting
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Fig. 1.2. Experimental force measurement system in micro-milling process [6].

heat and results in increasing the cutting temperature and kinetic
energy of system. The lattice vibration is the major form of thermal
motion of atoms. Each atom has three degrees of freedom.
According to the theorem of equi-partition of energy, the average
kinetic energy of the system can be expressed as:

E, :%NkBT:Z%m(V,.z) (1.1)

Where Ei is average kinetic energy in equilibrium state, Kz is
Boltzmann’s constant, 7 is absolute temperature, and m; and V; are
the mass and velocity of an atom, respectively. N is the number of
atoms.

The cutting temperature can be calculated using the following
equation:

_ 2E,
3Nk,

(12)
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Figure 1.3 shows the variation of cutting temperature on the cutting
tool in MD simulation of nanometric cutting of single crystal alumi-
nium [7].

The highest temperature is observed at cutting edge although the
temperature at the flank face is also higher than that at the rake face.
The temperature distribution suggests that a major source of heat
exists at the interface between the cutting edge and the workpiece,
and that the heat be conducted from there to the rest of the cutting
zone. This is because that most of cutting action takes place at the
cutting edge of the tool and the resulting dislocation deformation in
the workpiece material will transfer their potential energy into kinetic
energy and result in the observed temperature rise. The comparatively
high temperature exhibited at the flank face is caused by the friction
between the flank face and the workpiece. The released energy due to
the elastic recovery of the machined surface also contributes to the
incremental increase in temperature at flank face. Although there is
friction between the rake face and the chip, the heat will be taken
away from the rake face by the removal of the chip.

900
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—&— rake face
800 -1 == ﬂanlk face

700

600

Temperature (K)

500

300 i i i | |
20 40 60 a0 100 120 140
Time (ps)

Fig. 1.3. Cutting temperature distribution of cutting tool in nanometric cutting
(cutting speed = 20 m/s, depth of cut = 1.5 nm, cutting edge radius = 1.57 nm) [7].
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Therefore, the temperature at tool rake face is lower than that at
the tool cutting edge and tool flank face. The temperature value shows
that the cutting temperature in diamond machining is quite low in
comparison with that in conventional cutting, due to low cutting
energy in addition to high thermal conductivity of diamond and the
workpiece material. The cutting temperature is considered to govern
the wear of a diamond tool as shown in the MD simulation study by
Cheng et alia [8]. In-depth experimental and theoretical studies are
needed to find out the quantitative relationship between cutting
temperature and tool wear although there is considerable evidence of
chemical damage on the surface of diamond in which increases in
temperature tends to plays a significant role [8].

1.2.3 Chip Formation and Surface Generation

Chip formation and surface generation can be simulated by MD simu-
lations. Figure 1.4 shows an MD simulation of a nanometric cutting
process on single crystal aluminium [7]. From Fig. 1.4(a) it is shown
that after the initial plough of the cutting edge the workpiece, atoms
are compressed in the cutting zone near to the rake face and the
cutting edge. The disturbed crystal lattices of the workpiece and
even the initiation of dislocations can be observed in Fig. 1.4(b).
Figure 1.4(c) shows the dislocations have piled up to form a chip.
The chip is removed with the unit of an atomic cluster as shown in
Fig. 1.4(d). Lattice disturbed workpiece material is observed on the
machined surface.

Based on the visualisation of the nanometric machining process,
the mechanism of chip formation and surface generation in nano-
metric cutting can be explained. Owing to the ploughing of the cutting
edge, the attractive force between the workpiece atoms and the dia-
mond tool atoms becomes repulsive. Because the cohesion energy of
diamond atoms is much larger than that of Al atoms, the lattice of
the workpiece is compressed. When the strain energy stored in the
compressed lattice exceeds a specific level, the atoms begin to
rearrange so as to release the strain energy. When the energy is not
sufficient to perform the rearrangement, some dislocation activity is
generated. Repulsive forces between compressed atoms in the upper
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{b) 17.0ps

(c) 30.6 ps (d)37.2ps

Fig. 1.4. MD simulations of the nanometric machining process (Cutting speed=20m/s,
depth of cut = 1.4 nm, cutting edge radius = 0.35 nm) [7].

layer and the atoms in the lower layer are increasing, so the upper
atoms move along the cutting edge, and at the same time the repulsive
forces from the tool atoms cause the resistance for the upward chip
flow to press the atoms under the cutting line. With the movement of
the cutting edge, some dislocations move upward and disappear from
the free surface as they approach the surface.

This phenomenon corresponds to the process of chip formation.
As a result of the successive generation and disappearance of disloca-
tions, the chip seems to be removed steadily. After the passing of the
tool, the pressure at the flank face is released. The layers of atoms
move upwards and result in elastic recovery, so that the machined
surface is generated.

The conclusion can therefore be drawn that chip removal and
machined surface generation are, in nature, dislocation slip motion in-
side the workpiece material grains. In conventional cutting, dislocations



