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Abstract

With the introduction of foam structure in medical technology within the last few
decades, porous materials have received great interest. Special properties of porous materials,
such as high surface area, reduced volumetric density and increased permeability, which cannot
be obtained with dense materials, make porous materials useful not only in medical science but
also in a variety of industrial applications. Furthermore, if these materials exhibit open porosity,
they become permeable and have a very high specific surface. These features are ideal for

surface exchange and flow-through applications.

With the increasing adoption of porous materials, there is also an increased demand of
complex products. Applications in various fields such as biomedical science have a
requirement of complex shapes with special surface integrity, microstructures and porosity.
Such porous parts are generally manufactured close to their final shape. However, due to their
specific properties (structure), structural changes may occur during machining. Therefore,
choosing the right machining method becomes an enormous challenge. High-precision
fabrication technologies, such as ultraprecision cutting, are thus expected to meet these

requirements and open new technological possibilities for manufacturing this class of products.

Nevertheless, unlike dense materials, the research carried out on the cutting mechanism
of porous materials are limited to a few materials and mostly in the micrometer scale and above.
Furthermore, the micro pores in porous materials make the cutting process more complicated,
and as a result, machining mechanisms will be significantly different from those of dense

materials.

This research tries to present a comprehensive investigation on the ultraprecision
machining of this new class of engineering materials. Three types of porous materials were

selected based on their specific characteristics, as well as their mechanism of cutting during the

xiil



machining process. The mechanism of cutting and surface integrity in the ultraprecision
diamond turning of these porous materials in comparison to that of dense materials were
studied by both experiments and finite element simulations under various conditions. Major
factors dominating the surface integrity in the nanometer-scale ultraprecision cutting of porous
materials using single-crystal diamond tools were investigated. The results demonstrated that
the presence of pores significantly changed the mechanism of cutting as well as the tool wear.
Experiments also showed that the challenge in ductile porous material cutting was a high level
of plastic deformation, while, in brittle porous material cutting, brittle fracture around pores,
filled by chips, and grain rotation leading to a sharp drop of surface porosity remained a great
concern. Thus, the strategy to address each of these challenges should be different. The chip
morphology and surface topography depend on different parameters such as pore size and
cutting scale. By controlling these parameters and in some cases using an infiltrant, the desired

machined surface with open pores can be achieved.
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CHAPTER 1

Motivation and introduction



Chapter 1 : Motivation and introduction

1.1 Overview

Porous materials are a special class of engineering materials which are characterized by
special properties such as a high surface area [1], reduced volumetric density, and increased
permeability. This combinations of properties cannot be obtained with dense materials. They
are thermally and electrically conductive and they maintain their mechanical properties at much
higher temperatures compared to materials such as polymers. If they have open porosity, they
are permeable and can have very high specific surface areas; these characteristics are required
for flow-through applications or when surface exchanges are involved. Because of these
excellent properties, porous materials are used in a variety of industrial and medical

applications [2—4].

Concerning applications, a wide variety of base material can be used in manufacturing
of porous structures, e.g. porous carbon is used in industries as air bearings, while porous
silicon has attracted great attention because of its applications in Li-ion batteries and solar cells
owing to its high theoretical capacity, wide absorption band and high transmission respectively
[5-9]. Porous titanium is a potential material for various dental and orthopedic applications
due to its excellent biocompatibility properties [10,11]. In addition, two important factors,
namely porosity and pore size, must be controlled during the manufacturing process to make
them more suitable for their applications. Porosity is defined as the ratio of total pore volume
to apparent volume of the particle and pores size is determined based on average diameters.
The variations in porosity and pores size significantly influence the function of porous

materials, e.g. higher porosity increases the adherence between an implant and a neighboring



bone, as well as their biocompatibility in porous titanium, while it decreases mechanical

properties such as structural strength.

The required structure and properties strongly depend on the application. Closed
porosity is generally sought for lightweight structure and thermal insulation, while open
porosity is particularly of interest for applications requiring permeability and involving surface
exchange phenomena. Due to their unique combination of properties, open cell structures have
been used in many different applications such as for the fabrication of filters, implants, heat

exchangers, electrodes, batteries, and fluid treatment units, as well as for sound absorption [12].

1.2 Significance of the research

Porous metals can be generated through a multitude of manufacturing processes. The
most common operations used to fabricate them are sintering, deposition of metals on
polymeric foams, powder metallurgy, and anodization. These materials components fabricated
by net-shape technologies require further machining processes to improve the surface quality

and form accuracy, and in turn, the added value of the products.

The great challenge in the machining of porous materials is the presence of pores in the
porous structure. The mechanism of cutting in pore area is also dependent on its base material,
e.g. material removal of ductile material like titanium is significantly different from that of
brittle material like silicon. This makes the cutting process more complicated and difficult. The
lack of knowledge in material removal mechanism of porous materials leads to the low quality

of machined surface that has a remarkable impact on limiting their applications.

High-precision fabrication technologies, such as ultraprecision cutting, are expected to
meet these requirements and open new technological possibilities for manufacturing this class

of products. Ultraprecision cutting, which is often referred to as single-point diamond turning



(SPDT), is an established technology for manufacturing microstructured surfaces with

nanometer-level form accuracy, high surface quality, and complex shapes.

1.3 Research objectives

The objectives of this research are as follows:

1. To investigate the fundamental mechanisms of material removal in micro/nanometer-
scale single point diamond turning of porous materials compared with those of dense
materials.

2. To determine the impact of different cutting parameters and undeformed chip thickness
down to the nanometer scale on the mechanism of cutting and surface integrity.

3. To study the behavior of hydrostatic stress induced by the cutting tool near the edge of
a pore in porous brittle material cutting.

4. To develop a method, using wax as an infiltrant to prevent chips from filling pores
during machining of porous silicon and improve surface quality to the nanometer level.

5. To understand the changes in shear angle and specific cutting force as undeformed chip
thickness decreases from the micro down to the nanometer scale in porous metal cutting
compared to dense metal cutting.

6. To consider the effects of pore size and location on chip morphology and surface
topography in ultraprecision machining of porous titanium.

7. To identify the characteristics of tool wear in the cutting of porous structure compared

to a dense structure in both porous silicon and porous titanium.



1.4 Organization of dissertation

Chapter 1 provides the introduction and overview of the issues regarding research. The

research significance and the research objectives were included in this chapter.

Chapter 2 provides an introduction to ultraprecision cutting technology and an overview
of the mechanism of cutting of hard brittle materials like ceramic and ductile materials like

metallic materials, as well as past research works on the machining of porous materials.

Chapter 3 presents the results of the investigation on fundamental characteristics of
material removal and surface formation in diamond turning of porous carbon. Influence on
surface roughness by observed deformation, fracture, and rotation of carbon grains on a tool
tip is revealed. It also presents the result of analysis of variance of experimental data to indicate
the effect of feed rate, cutting speed and depth of cut on surface roughness. The effects of tool

rake angle on material removal behavior are also considered in this chapter.

Chapter 4 contains the discussion of the fundamental mechanisms of material removal
in the ultraprecision diamond turning of porous silicon. Influence of anisotropy and cutting
stress field near the edge of a pore is investigated and cutting condition to accomplish flatness
in nanometer scale is presented. Three types of material removal behaviors in various areas
around a pore are confirmed based on the direction of cutting with respect to the pore edge
orientation in the chapter. The results of the material structures of subsurface layers are also
presented. A method of using wax as an infiltrant is developed to improve the surface quality
in terms of decreasing brittle fractures. The results of measuring the cutting forces in machining
of porous silicon compared to silicon are illustrated. Tool wear results are also presented in this

chapter.

Chapter 5 presents the discussion of the fundamental mechanisms of material removal

and surface integrity in ultraprecision cutting of porous titanium in comparison with pure
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titanium which has no pore. The chip formation behavior of pure and porous titanium in
nanometer-scale ultraprecision diamond turning tests was investigated by both experiments and
FE simulation. The results of the changes in shear angle and specific cutting force as
undeformed chip thickness decreases to the nanometer scale are identified in this chapter. The
role of chip tearing and welding phenomenon plays on porosity percentage of the machined
surface are clarified. The effects of pore size and location on chip morphology and surface
topography in ultraprecision machining of porous titanium are considered. Coolant effect on
the mechanism of cutting and the hardness of machined surface in porous titanium cutting are
recognized. The characteristics of tool wear in the cutting of porous structure compared to a

dense structure in both porous titanium and pure titanium are presented in this chapter.

Chapter 6 presents the general modeling for machining of the porous materials based
on their material properties and pore characteristics which provides a guideline to decide

cutting parameters.

Chapter 7 consists of the overall conclusion of the research. The future work of this

research area is also included.
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Chapter 2 : Literature review

2.1 Ultraprecision machining technology

2.1.1 Introduction

Ultraprecision cutting is an established technology for manufacturing microstructured
surfaces with nanometer level form accuracy, high surface quality, and complex shapes. It has
been commonly used to fabricate high-quality optical components without any post-polishing,
such as digital camera lens, CCD camera lens, DVD lens etc. Some typical optics applications
cover lighting, telecommunications, medical facilities, military, and aerospace [13,14]. During
the 1980s, Taniguchi proposed a predictive map of development in ultraprecision
manufacturing [15,16], and this remains true as we approach 2020. Recently, Shore et al. [17]
mentioned that Taniguchi's chart is analogous to Moore's Law which is a mid-1960s prediction

for the next 50 years of manufacturing precision.

The 21st century has witnessed the rapid emergence of a variety of non-conventional
micro-/nano-machining (MNM) processes capable of being applied to a range of engineering
materials, including metals, ceramics, plastics, and composites. Miniaturization has pushed
manufacturing improvements with regrads to attainable accuracies and tolerances to the sub-
micron range, especially in the fields of medicine and biotechnology as well as optics and
electronics. Further improvements are necessary for applications relating to fuel cells,
microscale pumps, valves and mixing devices, fluidic micro-chemical reactors, micro-fluidic
systems, micro nozzles for high-temperature jets, micro holes for fiber optics, micro moulds
and deep X-ray lithography masks etc. [18]. Micro-/nano-machining (MNM) processes which
are used to finish these components can broadly be divided into two major categories based on

whether they involve the addition of material or the removal of material during the process.



The first category involves deposition of material and includes processes such as Ultrasonic
laser deposition, Chemical vapor deposition, Rapid prototyping, LIGA and Electric discharge
deposition. The second category of micro-machining involves the removal of material. This
may be accomplished by mechanical, chemical or physical means. The focus of this research
work is the diamond-machining process, which falls into the category of material removal
processes as a mechanical process. Machining by mechanical means is considered to be almost

universal in its applicability [13] to most materials.

One major difference between the micro and nanometer scale machining is the size of
the attainable chip thickness [18]. Aside from this major difference, the chip formation
mechanism, the distribution of cutting forces, the role of material microstructure and crystal
anisotropy, and the elastic recovery of the machined surface, all result in the transition of the
scale of machining from the macro to the nanometer level. The foremost of these is the
mechanism of chip formation which shifts from continuous to discrete as the cutting scale

decreases [19].

Single point diamond turning (SPDT) is one of the most efficient ultraprecision material
removal processes. It is capable of removing material at the scale of a few nanometers to
produce optical quality machined surfaces using a single point diamond-cutting tool. SPDT
provides machining form accuracy and machined surface finish that are among the best ranges
obtained via a multitude of processes such as lapping and polishing [17]. Moreover, the
components produced through an SPDT operation have a much better metallurgical structure
than the one obtained through polishing and lapping processes [20]. This couples further with
the fact that SPDT offers the flexibility of generated figure, better step-definition, deterministic
form accuracy and economy of fabrication time [13]. Nevertheless, the performance and
cutting mechanism of SPDT process towards two class of engineering materials, ceramic and

metallic materials are different.



2.1.2 Ceramic materials

Although ceramic materials for technical applications have been known for more than
two hundred years, unlike traditional materials in composition, microstructure, and properties,
have been developed since approximately 1970. Whereas silicate ceramics and refractory
materials are basically derived from natural minerals and manufactured by comparatively
simple processing steps, this new class of materials, the "advanced", "high-tech," or in Japanese
terms "fine" ceramics requires an entirely different fabrication route starting from chemically
well-define, fine, highly-purified, and artificial raw materials. These materials have been
created for a variety applications in which other conventional materials like metals or polymers
have failed. Due to the large variety of chemical, electrical, biological, and mechanical
properties that ceramics presently exhibit, there are almost no industrial applications without
ceramics. In the electronic and manufacturing industries, as well as in technologies that require
materials sustaining extremely high temperatures and corrosive environments, high-tech
ceramics play the role of key materials; novel technologies, processes, and machines are finally

made possible only by means of specially tailored ceramics [21].

Today’s advanced technology industry relies on the development of new advanced
materials. In particular, hard brittle materials such as glass, silicon, quartz, and other kinds of
ceramics are important for recent high technology industry because of their unique
characteristics. However, their primary characteristics (e.g., fragile, hard, and brittle) are
disadvantageous for practical use in terms of productivity and cost-efficiency. A breakthrough
in machining technology, especially for hard-brittle materials, is needed for the development

of high technology industry [22].

Bridgman [23] was one of the first who considered the possibility of machining brittle

materials in the ductile-regime mode. They showed that, under high hydrostatic pressure, a
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brittle material exhibited ductility. In the late 1990s, Blake and Scattergood [24] indicated that
there is a critical chip thickness separating the regime of plastic deformation from brittle
fracture material removal. They suggested a new machining model to explain the ductile-
regime machining of brittle materials which has also been verified experimentally. Figure 2.1

shows a schematic classical model for diamond turning with a round-nosed tool.

During SPDT operation, the undesirable fracture damage is assumed to initiate at the
critical chip thickness, which propagates up to a depth. The critical crack length varies along
the nose radius according to the feed rate of the tool. The crack does not penetrate below the
subsurface damage at smaller feed rates and hence does not affect the final machined surface.
However, as feed rate increases, cracks begin to propagate into the final cut surface. As long
as the fracture damage does not penetrate into the final machined surface, ductile-regime
machining is achieved. It is worth mentioning that the fractured material in the remaining

region of the uncut shoulder is carried away by the tool in the succeeding passes.

Now, it is well-known that there is a brittle-ductile transition in chip formation during
the cutting of brittle materials using SPDT when the undeformed chip thickness is reduced [25—
27]. When undeformed chip thickness is less than the critical undeformed chip thickness, no
cracks are generated. When the undeformed chip thickness is larger than the critical value,
however, microfractures are generated and the density of microfractures increases with the

undeformed chip thickness.
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Figure 2-1: Cutting model of a round-nosed tool

Ductile mode cutting of a brittle material is based on hydrostatic pressure (compressive
stress) which determines the extent of plastic deformation prior to fracture [28,29]. This stress
state exists in the vicinity of cutting edge and is dependent on tool rake angle and undeformed
chip thickness. When undeformed chip thickness becomes small enough, the entire cutting
region will be under the high compressive stress state, such a high hydrostatic pressure becomes
a prerequisite for machining brittle materials by plastic flow at room temperature [30] as shown
in Figure 2-2. In addition, high hydrostatic pressure can prevent microcrack propagation by
closure of cracks [31]. In the case of single crystal silicon, it is generally accepted that a
structural change from diamond cubic (Si-I) to a metallic state B-Sn (Si-1I) occurs under the
indenter during loading as a result of the high pressure (10-13GPa). The material around the
indenter would then become ductile enough to sustain plastic flow. Measurements of electrical
conductivity during indentation close to the indenter on silicon showed a significant increase
in conductivity, from semiconducting to highly conducting [32,33], which strongly supports
the idea that a transformation into the metallic state occurs underneath the indenter. However,
the metallic phase is not stable at low pressure (~4 GPa). In silicon cutting, the machining
pressure in the ductile regime is higher than 10 GPa [34], which is sufficiently high to make

silicon undergo phase transformation.
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Figure 2-2: Schematic model for cutting mechanism in silicon during ductile machining

2.1.3  Metallic materials

Unlike ceramic materials, where main priority is cutting ceramics in ductile mode, the
major reason to use ultraprecision machining in metallic materials is achieving a high level of
surface quality (good roughness) required for distinct applications. Historically, the
ultraprecision metal cutting in the present sense had begun to be investigated in the 1960's with
the advent of demands in advanced science and technology for energy, computer, electronics
and defense application. The ultraprecision metal cutting at present is a key technique for the
manufacture of components used for the systems in a variety of advanced science and
technology applications. By using precision machine tools available at more
than half a century ago, it started its developments as a promising method of fabricating

dedicated mechanical parts of high quality essential for a particular advanced system.

Along with wide variety of industrial applications, more recent applications of
ultraprecision metal cutting are for the manufacture of medical parts with sophisticated form
and extremely complex geometrical and surface quality. Titanium is one of the metallic

materials attracting more and more attentions in medical applications in recent years [35,36].
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Titanium is very difficult to machine owing to its low thermal conductivity, high
strength and low modulus of elasticity [37-39]. To overcome the difficulties in machining
titanium and its alloys, extensive studies have been done in the past decades on their cutting
mechanism. These researches can be roughly classified into three main categories. First, there
are studies on the fundamental cutting mechanism and chip formation and their relationship to
mechanical properties of titanium [40—46]. Second, there are researches on the optimization of
machining conditions to enhance the machinability of titanium [47-50]. Third, there are
researches on tool wear mechanism and surface integrity in titanium machining [51-54].
However, unlike brittle materials, most of the previous cutting experiments were conducted on
the micrometer scale or larger. The research work on the ultraprecision cutting of titanium is

very limited.

Zareena and Veldhuis [55] investigated the tool wear mechanism in ultraprecision
cutting of titanium and Ti-6Al-4V using single-crystal diamond tools. They found that high
temperature and high pressure at the tool-chip interface initiated the chemical interaction
between titanium and diamond. Schneider et al. [56,57] analyzed the surface integrity in
titanium cutting using quick-stop orthogonal cutting tests and considered the effect of
undeformed chip thickness (ranging from 0.1 um to 10 pum) on cutting forces. Ruibin and Wu
[58] investigated the influence of machining parameters on surface roughness and cutting
forces. Colafemina et al. [59] studied surface damage in machining of titanium and found the
surface damage was due to the material delamination phenomenon. However, to date, there is
no available literature on chip formation mechanism in diamond turning of titanium down to
the nanometer scale. Regarding demands for nano-precision surfaces have rapidly increased in
advanced engineering fields, it is necessary to understand the cutting mechanism in the

nanometer scale.
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Chip formation and its morphology are important features of metal machining and yield
essential information on the cutting process itself [41]. An intense shear is generated between
the tool tip engaged in the material and the workpiece, the strain in the chip is confined to
narrow bands between the segments called shear zone with very little deformation within these

segments [60], (Figure 2-3).

Tool

Cutting edge

Figure 2-3: Three different zones (1) shear (2) compressive pressure (3) chip-tool friction zones in the
mechanism of titanium cutting

In chip’s segmentation, there is a competition between the rate of decrease in strength
resulting from the local increase in temperature and the rate of increase in strength due to strain
hardening in the primary shear zone. As soon as shear stress induced by tool edge exceeds the
yield strength of material the chip formation occurs on a particular shear plane. The energy
associated with this deformation is converted into thermal energy. This thermal energy along
with titanium’s poor thermal properties leads to high temperature locally in the cutting process.
Local softening due to high temperature helps the strain to continue in the same plane instead
of moving to a new plane in the colder material. The saw-tooth chips produced under this
condition have been classified as "catastrophic shear chips" and the forming process of which

has been referred to as "catastrophic thermoplastic shear" or "adiabatic shear" [40,61-64].
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In addition to shear zone, there are two other zones playing important role in mechanism
of cutting and chip formation. One of those is compressive pressure zone just beneath of cutting
edge induced by thrust force. Nakayama and Tamura [65] have pointed out that the shear zone
extends downward beyond the intended depth of cut, thus compressive pressure zone is
effected by shear zone due to the natural consequence of the fact that shear deformation does
not occur on a single plane (shear plane) but in a zone of finite thickness (shear zone) . This
zone induces the plastic flow in the subsurface layer and has a remarkable effect on surface
integrity. In such cases, after the cutting edge has passed, the newly machined surface will have
a tendency to rise elastically and, possibly, even plastically. Consequently, friction between the
tool flank and the machined surface is unavoidable even for a very sharply honed cutting tool
[65]. As the tool wears out, plastic deformation flow and subsequently the thickness of the
deformed layer increase, due to microstructural alterations [51,53]. The depth of these micro-
structural alterations beneath the surface has been observed to increase when the cutting speed
and feed rate are increased in conventional machining [54], and also prolonged machining with
worn tools was found to increase microstructural alterations to the material in the form of

severe plastic deformation and a thicker ‘disturbed’ layer on the machined surface [51].

The third zone is friction area between chip and rake face. Although this zone does not
affect the machined surface, it, however, has a significant influence on chip formation and tool
wear. Upsetting the inclined wedge of chips by the advancing tool and sliding over the tool
surface causes further plastic deformations to arise in the boundary layers. In the “chip-tool
friction zone” (in some references it is mentioned as secondary shear [40]), the deformation
texture of which forms parallel to the rake face gives the impression of a viscous flow process
with a high degree of deformation [66]. As shown in Figure 2-4 the free surface and the back

surface of the chip resulting from the described chip formation process are very different from
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each other. The free surface is very rough and the lamella pattern can be found on the free

surface while the back surface is very smooth.

Figure 2-4: SEM micrograph of the free surface and back surface of chip in pure titanium cutting (feed rate=10
pm/rev, depth of cut=15 pm)

2.2 Background and previous works on porous material machining

2.2.1 Introduction

With the introduction of metal foams in medical technology within the last decades,
porous materials have received great interest. Porous materials are a potential material for
various medical applications. In biomedical applications, in addition to requirements for
complex shapes, surface integrity, microstructure, and porosity significantly influence their
applications. During machining of porous parts, owing to their specific structure, structural
changes may take place typical for porous materials only, such as variations in their density
and the state of the inter particle contacts. As a result, choosing the best method is a great
challenge. High-precision fabrication technologies, such as ultraprecision cutting, are expected

to meet these requirements.

17



Unlike nonporous materials, where a large number of investigations have been carried
out in the field of micro and above machining process, discussing cutting mechanism and
challenges ahead in fairly great detail, the researches carried out on the cutting mechanism of
porous materials are very limited to a few materials and mostly in micron scale. The micro
pores in porous materials will make the cutting process more complicated and difficult, thus
their machining mechanism will be distinctly different from those of dense materials. In this
part, it is tried to present a comprehensive review of the existing research works on the cutting

of porous materials with a focus on porous carbon, porous silicon, and porous titanium.

2.2.2 Porous carbon

Porous carbon developed at Oak Ridge National Laboratory (ORNL) [67,68] is being
investigated as a material to improve single and multiphase heat transfer due to the high
material conductivity of the graphitized carbon material. Now porous carbon has been used in
different applications one of which is the air bearing industry. An air bearing is a new
generation of bearing having advantages such as zero friction and wear, no need to be
lubricated, high precision and high speed. Air bearings are increasingly used in various fields
such as ultra-precision machine tools. One of the most important parts of air bearing is porous
media, where porous carbon has been one of the best materials for this purpose. Owing to the
special surface structure of porous carbon, if there is an air supply failure, the counterpart
surface will not be damaged and bearing may run without air pressure. Moreover, compared
with non-porous materials, porous carbon provides a uniform distribution of air pressure, which
enhances the spindle rotation accuracy. However, the surface quality of porous carbon depends
on its machining method. To improve the service life, load capacity and wear resistance of
bearing parts, it is essential to reduce surface peak height and increase core roughness depth

during the machining process. Nevertheless, there are a few problems such as surface fractures,
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sharp protrusions, and grain dislodgements, etc., in conventional grinding and cutting of porous
carbon, which limits the surface quality improvement. However, a few researches have been
carried out on the fabrication of bulk carbon to produce a porous structure in the base material

[69,70], to date, there is no available literature on the mechanism of porous carbon cutting.

2.2.3  Porous silicon

The silicon-based porous material is a very promising material due to its excellent
physical and thermal properties, and compatibility with silicon-based microelectronics [71].
Porous silicon is a suitable dielectric material for its large surface area within a small volume,
controllable pore sizes, and active surface chemistry [72]. These features lead to interesting
optical properties by mixing silicon with air in effective medium approximation. On the other
hand, chemical and biological substances, cells and molecules are able to penetrate into the
pores to change the performance of the original system. These excellent characteristics are
driving force behind research into different applications of porous silicon such as optical
sensing [73] and biomedical applications [74—76]. Recently, porous silicon has attracted great
attention because of its applications in Li-ion batteries, owing to its high theoretical capacity.
For example, a porous silicon electrode with Li22Si5 composition has a specific capacity of
4200 mAh/g, which is over 10 times that of an existing carbon anode [5,6]. Moreover, the
application of porous silicon in solar cells is rapidly increasing as it has the capability of a wide

absorption band and high transmission in a wavelength range from 700 to 1000 nm [7-9].

Porous silicon is prepared by anodization of a single-crystal silicon wafer and needs to
be manufactured into various shapes for industrial and biomedical applications. Normally, the
anodized porous silicon surface is uneven, which affects its performances in specific
applications [9], thus needs to be flattened precisely. Conventionally, polishing has been used

for smoothing a silicon wafer. However, it cannot be used for porous silicon because pores
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would be filled and closed by abrasives in the slurry during the polishing process. Face milling
and peripheral grinding which were used for machining sintered foams [77] are not suitable
for porous silicon machining in terms of surface quality. Another alternative method is turning.
However, to date, there is no available literature on the diamond turning of porous silicon.
Silicon is a highly brittle material, thus its machining mechanism will be distinctly different

from that of ductile metal materials.

2.2.4 Porous titanium

Titanium is an attractive material due to its unique properties such as high strength,
light weight, thermal stability, and exceptional corrosion resistance. These excellent properties
make titanium and its alloys useful in biomedical, chemical and petrochemical applications and
aerospace and marine industries. Porous titanium is a potential material for various dental and
orthopedic applications due to its excellent biocompatibility properties. In biomedical
applications, in addition to requirements for complex shapes, surface integrity, microstructure,
and porosity significantly influence the adherence between an implant and a neighboring bone,

as well as their biocompatibility [10,78,79].

A few researches have been carried out on the cutting mechanism of porous titanium in
micron scale. Abolghasemi Fakhri et al. [10] proposed an image analysis approach to optically
consider the porosity in micro-milling process of porous titanium, with emphasis on cutting
force monitoring. The result showed the possibility of estimating the area of porous material
removal from the optical image. Bram et al. [77] monitored cutting force during grinding and
face milling of sintered titanium foam to investigate the surface quality and tool wear.
However, to date, there is no available literature on the mechanism of ultraprecision cutting of

porous titanium in the nanometer scale.
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2.2.5 Other porous materials

While the research work on machining of porous materials rarely can be found in
literature, two porous materials in particular, powder metallurgical (PM) steel and porous

tungsten, have been subject of considerable interest in recent years.

Porous steel (steel foam) formed by powder processing and primarily consists of
powder synthesis, compacting, and sintering the structural constituents [80]. In powder
metallurgy (PM) parts production, there is a large number of shapes that are difficult or
impossible to produce by pressing without machining indicating a requirement for secondary
finishing. However, machinability is considered to be poor due to several parameters including

the hardness of powder particle, buit-up-edge formation and decreased plasticity [81-84].

There is a remarkable difference between PM steel and other porous materials that puts
PM steel in different categories. Unlike porous materials, which are the subject of this work,
open surface porosity is not desirable in machining of PM steel. The requirement for having
proper surface porosity after machining process makes porous material machining more
complex. This causes porous materials that surface porosity is not important features to be

excluded from categories.

The most systematic research work on specific porous material with desirable open
surface porosity have been carried out in The Institute for Sustainable Manufacturing (ISM) at
the University of Kentucky where porous tungsten has been the subject of research since 2005.
Chen [85] was the first in this group to conduct an investigation to improve the surface quality
with a high level of surface porosity in porous tungsten machining. They studied the effects of
tool geometry, tool material properties, work material properties, and machining parameters on
the porosity in face turning of porous tungsten. In 2008, Tarter et al. [86] applied cryogenic

methods to the machining of porous tungsten for dispenser cathode matrices. Then, Pusavec et

21



al. [87,88] used a multi-objective optimization model based on genetic algorithms to achieve
the required post-machining porosity and surface roughness, the optimum machining
parameters and tool grade in cryogenic machining method. Schoop et al. [89] observed the
effect of different cryogenic pre-cooling times on the as-machined surface porosity of 81%
dense porous tungsten. The results showed that longer pre-cooling condition led to a more
uniform porosity distribution throughout the machined surface. In other work [90,91], they
tried to enhance both surface porosity and surface roughness by controlling cutting temperature
as well as other geometric parameters such as rake angle. Nevertheless, the main effort in these
research has been focused on developing cryogenic machining method, not understanding

fundamental of material removal mechanism.

One of the main obstacles in the way of development in machining process of porous
materials is a lack of knowledge in understanding material removal mechanisms and surface
formation in two main categories of porous materials including porous brittle and porous
ductile materials. In this work, it is tried to select porous materials based on these two
categories, as a result, porous silicon as a brittle material and porous titanium as a ductile
material were selected as workpieces. Both of these materials are difficult-to-cut compared to

porous carbon that is categorized as brittle material but not difficult to cut materials.

We hope this research paves the way and provides a research platform for future studies

in this field.

22



CHAPTER 3

Machining of porous carbon
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Chapter 3 : Machining of porous carbon
3.1 Material and methods

3.1.1 Machining apparatus

In order to investigate the mechanism for diamond turning of porous carbon
experimentally, the face turning method was applied by using an ultra-precision lathe.

Figure 3-1 schematically shows the model for diamond turning of porous carbon.

Depth of cut

Feed rate

Figure 3-1: Schematic model for diamond turning of porous carbon

The cutting experiments were conducted on a three-axis CNC ultraprecision machine,
NACHI ASP-15 (NACHI-FUJIKOSHI CORP.). The machine has two perpendicular linear
tables supported by high-stiffness hydrostatic bearings driven by servomotors. To prevent from
backlash movements in machine rotary table, it is supported by hydrostatic bearings and driven
by a friction drive. The machine is equipped with laser hologram scales to accurately position
all of these tables. The linear tables can be moved at 1 nm per step and the rotary table is able

to rotate with an angular resolution of 0.00001°.
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In order to fix the workpiece to the spindle and adjust the cutting speed, a workpiece
holder was designed and fabricated. This holder uses a sliding mechanism to change cutting
speed by adjusting the distance between the workpiece and the center of the spindle, and then
the workpiece was fixed using two screws. In addition, on the opposite side of the workpiece,
a metal piece was fixed to keep dynamic balance during spindle rotation, as illustrated in

Figure 3-2.

Metal piece
for balance
Spindle center -
o

Tool holder -

Workpiece
(Porous carbon) Cutting tool

Figure 3-2: Photograph of experimental setup

3.1.2 Diamond tool

A commercially available diamond cutting tool with a nose radius of 10 mm, rake and
clearance angles of 0° and 6°, respectively, was used in experiments. The tool geometry is
shown in Figure 3-3a. For the purpose of changing rake angles, four tool holders having various

slopes were designed to enable rake angle of 0°, —15°, —30° and —45°, as shown in Figure 3-3b.

25



Thus, in all the tests, the same diamond insert with 0° rake angle was used. In this case, the

relief angle was changed accordingly, the effect of which was neglected.

Rake angle : 0°

Clearance

angle:6° y

Nose Radius/ 10mm

Figure 3-3: (a) Tool insert geometry, (b) Tool holders for rake angle adjustment

3.1.3 Workpiece materials

The porous carbon workpiece (30.0 mm x 20.0 mm X 10.0 mm) with purity of 0.99, the
porosity of 35% and average pore size of 4um, supplied by TANKEN SEAL SEIKO CO.,

LTD. was used in the experiments.

3.1.4 Machining condition

Three independent variables including feed rate, cutting speed and depth of cut, each in
four levels were considered in these experiments. As Table 3-1 shows, the range of cutting
parameters used were: feed rate (f) = 25, 50, 75, 100 mm/min, cutting speed (v) = 30, 60, 90,

120 m/min and depth of cut (a) = 0.2, 0.4, 0.6, 0.8 mm.
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Table 3-1: Independent variables and their levels

No. Factors Units Notation Level -2 Level-1 Level+1 Level+2
1 Feed rate mm/min f 25 50 75 100
2 Cutting speed m/min v 30 60 90 120
3 Depth of cut mm a 0.2 0.4 0.6 0.8

A full factorial set of experiments would require 64 experimental test (three factors at

four levels). In this work, Taguchi design of experiments (DOE) was used to reduce the number

of tests to 16, which is called Li¢ Taguchi DOE. This design is listed in Table 3-2. This Lis

Taguchi set of experiments, along with 16 other tests were used to clarify the effect of different

parameters on material removal mechanism and surface quality.

Table 3-2: Design of experiment matrix

Depth of cut Feed rate Cutting Speed
No.
(mm) (mm/min) (m/min)
1 0.2 25 30
2 0.2 50 60
3 0.2 75 90
4 0.2 100 120
5 0.4 25 60
6 0.4 50 30
7 0.4 75 120
8 0.4 100 90
9 0.6 25 90
10 0.6 50 120
11 0.6 75 30
12 0.6 100 60
13 0.8 25 120
14 0.8 50 90
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15 0.8 75 60

16 0.8 100 30

To survey the influences of tool rake angle on the cutting mechanism, four experiments

were performed under conditions shown in Table 3-3.

Table 3-3: Experimental conditions for tool rake angle effect

No. Rake angle (°) Depth of cut (mm) Feed rate (mm/min)  Cutting speed (m/min)
1 0 0.4 50 60
2 -15 0.4 50 60
3 -30 0.4 50 60
4 -45 0.4 50 60

3.1.5 Measurement apparatus

In order to evaluate the surface roughness, a white light interferometer was used and
the surface profile was analyzed by the Talymap software (Taylor Hobson Ltd.). According to
Taguchi Lis DOE matrix, 16 experiments were performed and after each experiment, eight
different areas of the machined sample were measured and analyzed and then the average was
taken as the final result. In addition, scanning electron microscopy (SEM) and field-emission
scanning electron microscopy (FE-SEM) were used to observe the sample surfaces. These
images were then used for analyzing the percentage of surface porosity using the Imagel

software. In this study, “surface porosity” is evaluated, not volumetric porosity.
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3.2 Results and discussion

3.2.1 Categories of material removal behavior

To clarify the mechanism of material removal in cutting, the machined surfaces were
observed by FE-SEM. Figure 3-4a and Figure 3-4b are two SEM photographs of the sample
surface, before and after cutting, respectively. Before machining, the surface is very rough,
with protruding carbon particles and big craters. After machining, however, the surface has

become obviously flattered, where some of the grains have been sliced to be very smooth.

Figure 3-4: SEM images of porous carbon surfaces, (a) before (b) after machining

Through observation at higher magnifications, three types of material removal
mechanisms were identified in the machining of porous carbon, namely, shear fracture (plastic
deformation), brittle fracture, and grain rotation. Figure 3-5a shows the first type of material
removal, i.e., shear fracture. Due to the contact of tool and workpiece surface, big carbon grains
have been sliced and partially removed by shear fracture. This might be caused by the plowing

forces of the tool against the workpiece surface.
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fracture, and (c) grain rotation.

Figure 3-5b gives an example of the second mechanism, i.e., brittle fracture. In

Figure 3-5b, at the location indicated by ‘a’, the upper part of the grain aggregation was
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removed due to brittle fracture along the boundary with other grains, without the appearance
of plastic deformation. These phenomena took place when the bonding strength of the interface
between carbon particles is less than the shear strength of the bulk of carbon grain, and brittle
fracture is easy to occur along the grain boundaries by the micro impacts of the cutting tool.
This kind of crack propagation mechanism in different directions leads to high surface
roughness. Another type of brittle fracture occurs inside a single carbon grain bulk. As
indicated by ‘b’ in Figure 3-5b, a part of carbon grain is separated by crack generation from

the intergranular fracture, leaving curved fracture edges in the craters [92].

The third phenomenon observed is grain rotation. As shown in Figure 3-5c, three flat
surface areas indicated by ‘a’ and ‘b’ are seen, which are likely to be cut through plastic
deformation. Apparently, the flat ‘b’ is not in the same plane as the other two flat ‘a’. This
indicates that some of the carbon particles had been rotated due to the cutting force from the
tool. The cutting force exceeded the bonding strength of the grains, leading to grain rotation
along the grain boundaries during cutting. The schematic illustration of machining process

involving these three mechanisms of material removal is shown in Figure 3-6.

Brittle fracture
mechanism

(the second type)
the first type

Plastic Wave deformati

mechanism

Grain rotatio

Machined surface

(a) (b) (c)

Figure 3-6: Schematic illustration of cutting mechanisms for porous carbon involving (a) shear
fracture, (b) brittle fracture, and (c) grain rotation.
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In addition to the above mentioned material removal mechanisms, it was found that a
few particles had been pressed into the pores of the workpiece without any deformation or
fracture, as shown in Figure 3-7a and Figure 3-7b. After collecting the chips and observing the
chips by SEM, we found that the chip size increase with depth of cut. As shown in Figure 3-7c,
the average radius of chips in machining condition of 0.2 mm depth of cut is less than 10 pm,

this average size increased to 20 to 30 pm as the depth of cut reaches to 0.8 mm in Figure 3-7d.

(2) (b)

Cutting direction

_

Figure 3-7: Observation results of chips: (a) and (b) show chips entering pores during cutting process; (c)
and (d) show increase of chip size with depth of cut

3.2.2 Effects of machining parameters on cutting mechanisms

Next, the correlation between machining parameters and material removal mechanism

was investigated. In order to study the impacts of feed rate and depth of cut, four individual
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experimental tests were carried out at the same the cutting speed 60 m/min as shown in

Table 3-4.

Table 3-4: Experimental conditions for individual effect of depth of cut and feed rate

No. Depth of cut (mm) Feed rate (mm/min)
1 0.2 25
2 0.2 100
3 0.8 25
4 0.8 100

FE-SEM observation of the machined surface indicated that in test 1, the majority of
cut surface was formed by the first mechanism, i.e., shear fracture (plastic deformation), as
shown in Figure 3-8a. In test 2, as shown in Figure 3-8b, both plastic deformation, the location
indicated by ‘1°, and brittle fracture (type a), the location indicated by ‘2°, were observed. Shear
fracture in this test was more significant with the generation of surface waviness. In test 3,
shear fracture was more significant and the waviness is smaller compared with test 2, as shown
in Figure 3-8c. In addition, brittle fracture type b was also observed in some part of the surface.
As shown in Figure 3-8c, brittle fracture (type a) or crack propagation was the dominating
mechanism in test 4. The aforementioned results indicate that increasing feed rate causes
material removal mechanism to change from shear fracture to brittle fracture. At high feed
rates, crack propagation becomes the dominating mechanism [93,94].The effect of depth of cut

was similar to that of feed rate, nevertheless, the effect level was less than that of feed rate.

33



Figure 3-8: The effects of depth of cut and feed rate on cutting mechanisms (a) plastic
deformation (b) wavy plastic deformation and brittle fracture, type a (c) wavy plastic deformation
and brittle crack, type b (d) brittle fracture, type a

3.2.3 Effects of tool rake angle on cutting mechanisms

As known from previous researches on the diamond turning of typical hard brittle
materials such as single crystalline silicon, tool rake angle significantly influences the material
removal mechanism [30]. It has been well accepted that a negative rake angle is advantageous
because it induces high compressive stress which prevents from the brittle fracture. On the
other hand, in metal cutting, as rake angle decreases, the shear angle decreases and hence shear
energy dissipation and cutting forces increase [64]. However, to date, there have been no

reports on the effect of tool angle on cutting mechanisms of porous materials.

To investigate the effect rake angle on porous carbon cutting, experiments were
performed under conditions shown in Table 3-3. Figure 3-9a is an FE-SEM image of the
machined surface of test 1 (0° rake angle), where shear fracture is dominant. This kind of

surface appearance was similar to those observed in test number 5 and 6 under conditions
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shown in Table 3-2. The machined surface obtained using the tool with —15° rake angle in test
2 also presented the shear fracture mechanism, as shown in Figure 3-9b. However, there was a
growth in cracks propagation through the machined surface. This phenomenon might be due
to the fact that a negative angle provides greater compressive stresses, as well as a deeper
affected zone below the surface, leading to more subsurface damage and surface cracks

generation [95].

Figure 3-9: SEM images of surfaces machined at tool rake angles of (a) 0°, (b) -15°, (¢) -30° and (d) -45°

Figure 3-9c and Figure 3-9d shows SEM images of surfaces machined under —30° and
—45° rake angles. In addition to more significant surface cracks, the most part of the machined
surface had been covered by small chips and particles. There might be two reasons for this
phenomenon. Firstly, particles produced during the cutting process due to the plowing effect

of the tool are pushed towards the workpiece surface under a highly negative rake angle and
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accumulated on the surface. Secondly, microcracks propagation near the surface layer of the

workpiece material also causes particle generation, which is easily attached to the surface.

The schematic illustration of particle generation during machining process under a
negative rake angle is shown in Figure 3-10. As particle generation affects the surface integrity
and surface cleanness, it is important to avoid using a highly negative rake angle when cutting

porous carbon.

particles crushed by tool or
produced by microcrack
propagation entering pores

Plastic deformation
mechanism

Microcracks

Figure 3-10: Schematic illustration of cutting mechanisms under a negative tool rake angle

3.2.4 Surface roughness analysis

Surface roughness was measured in both two-dimensional (2D) and three-dimensional
(3D) forms. Figure 3-11a is a typical 2D surface profile of the machined surface, from which
the algorithmic average surface roughness R, was calculated. Figure 3-11b is a typical 3D
profile of the machined surface roughness of porous carbon, from which the average

arithmetical deviation of the area (S,) was calculated by using the TalyMap software as [96,97].
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In this research, S, was used instead of R, to achieve a total evaluation of surface
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characteristics. The experimental data were used to develop a relationship between the three
machining parameters and S, using regression methodology and ANOVA [98]. As shown in
Figure 3-12, the ANOVA of data demonstrated that feed rate had a dominant effect on surface
roughness (S,) with 55.18%. The depth of cut took the second place with 38.27%. Nevertheless,
the cutting speed had a negligible effect on S, with just 6.54%. Although cutting speed is an
important machining parameter and it has a significant influence on cutting temperature, this
effect is strongly depended on workpiece properties. In porous carbon that is a high brittle
material with a low fracture toughness, the temperature is not increased remarkably as cutting

speed changes to influence the cutting process.

Porous carbon surface, Ra:4.339 ym

0 02 04 06 08 (mm) |

Figure 3-11: (a) 2D and (b) 3D surface topographies for calculating roughness parameters R, and S,
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Figure 3-12: The influence of three independent parameters on surface roughness S,

The pairwise effect of feed rate and depth of cut on surface roughness is shown in
Figure 3-13. The points shown by four arrows are the tests performed in high cutting speed 120
m/min. By and large, increasing the feed rate causes increase in surface roughness, while there

is no meaningful relationship between the depth of cut and surface roughness in Figure 3-13.

Sa tactor

Figure 3-13: Effects of feed rate and depth of cut on surface roughness S,

In order to study the impacts of the depth of cut, eight cutting tests were carried out at
the same cutting speed (60 m/min) and feed rate (50 mm/min) but the different depth of cut
from 0.1 mm to 0.8 mm. As presented in Figure 3-14a, by increasing depth of cut, surface

roughness factor fluctuated between 6.5 um and 10 pum, and the trend line (dashed line), which
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is obtained using linear regression analysis method, demonstrates a slight increase. When the
depth of cutting increases mechanism of removal will change towards more brittle fracture
leaving more curved fracture edges in the craters. This slight increase can be seen in Figure 3-8
in which roughness of surface increases in Figure 3-8c and Figure 3-8d (0.8 mm depth of cut)
compared to Figure 3-8a and Figure 3-8b (0.2 mm depth of cut) respectively. However, the
effect of feed rate was more obvious in comparison with the depth of cut as already explained

in Section 3.2.2.
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Figure 3-14: Effects of (a) depth of cut and (b) tool rake angle on the surface roughness S,

In addition, Figure 3-14b shows effects of tool rake angle on surface roughness. There
is a meaningful increase in roughness by decreasing tool rake angle. This result demonstrated

again that a negative tool rake angle is disadvantageous for cutting porous carbon.
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3.2.5 Bearing area curve

Considering the application of porous carbon in air bearing, the bearing area curve
(Abbot Firestone Curve) is an important indicator of surface quality. The material ratio is
defined as the ratio of the intersecting area of a plane (i.e., parallel to the mean plane) passing
through the surface at a given height to the cross-sectional area of the evaluation region [99].
Bearing area curve is established by evaluating material ratio at various levels from the highest
peak to the lowest valley. There are two important parameters to characterize the bearing area
curve: core roughness depth Sk and peak height above the core roughness, Sy« (alternatively,

valley depth below the core roughness Syk), as shown in Figure 3-15a and Figure 3-15b.
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straight line
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Figure 3-15: (a) and (b) show definition of parameters Sy, Sk and S,k in a bearing area curve; (c)
and (d) are bearing ratio curves of test 1 and test 4, respectively

Analysis of Si showed that it followed the same trend as that of S, as shown in
Figure 3-13. That is to say, feed rate and depth of cut are the dominate parameters on Sy while

cutting speed did not have an impact on Si. In order to consider the effect of feed rate on Sk
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factor, we compared the bearing ratio curves of two experiments at feed rates of 25 and 100
mm/min respectively, corresponding to test 1 and 4, 5 and 8, 9 and 12 in Table 3-2. In each
cutting test, 8 areas of the sample were evaluated by white light interferometer and the Talymap

software. Figure 3-15¢ and Figure 3-15d show the results of tests 1 and 4, respectively.

It is clear that the test at higher feed rate (Figure 3-15d) presented a larger Sk than that
at a lower feed rate (Figure 3-15c). Therefore, increasing feed rate will cause both surface
roughness (S,) and core roughness (Sk) to rise. Although increasing S, is not desired, increasing
Sk 1s advantageous because it will improve the capability of carrying the load after the initial
running-in period for air bearings [100]. The effect of depth of cut on S; indicated the same

trend.

Another important factor that should be taken to account is Sy which have strong effects
on the ability of a surface to resist wear. In the air bearing application, a small Sy leads to
increasing wear resist and the life of part. In this study, the results showed that the Sy« in all
tests is almost less than 1 pm, far smaller than Sk, as shown in Figure 3-15c and Figure 3-15d.
This shows that despite of different cutting conditions, Sy is negligibly small. This fact
demonstrated again that it is advantageous for using a diamond turned porous carbon surface

in air bearing applications [100].

The wear resistance of a surface can also be characterized by skewness distribution
graph. Figure 3-16a shows two typical surface profiles and the corresponding skewness
distribution. It is known that for a porous carbon surface as porous media air bearings, a
negative skew is beneficial [97]. In the present study, all diamond turned porous carbon
surfaces showed negative skew curves. Figure 3-16b illustrates an example of skewness

distribution graph in test 16 of Table 3-2.
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Figure 3-16: (a) Definition of skewness distribution curve; (b) skewness distribution graph for porous
carbon diamond turned at conditions: f(100 mm/min), v (30 m/min) and a (0.8 mm)

3.2.6 Surface porosity

The surface porosity of porous carbon plays an essential role in its application as air
bearing. To evaluate surface porosity, the ImageJ software was used to analyze SEM images
of the machined surfaces. An example of SEM image is shown in Figure 3-17a. Then these
images were processed to calculate the area ratio of surface pores. Figure 3-17b shows the
processed results by the ImageJ software.

ImageJ counts and measures objects in binary or thresholded images (Threshold or
Color Threshold command). Analysis is performed on the existing area selection or on the

entire image if no selection is present. It works by scanning the image until it finds the edge of
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an object. It then outlines the object, measures it, fills it to make it invisible, then resumes

scanning until it reaches the end of the image or selection.

The particle count, total particle area, average particle size, area fraction and the mean
of all parameters will be displayed in a separate summary table. For each column in the results
table, calculates and displays the mean, standard deviation, minimum and maximum of the
values in that column. The sum of all particle areas (uncut areas) divided by the total area will

be porosity ratio.

Figure 3-17: (a) SEM image of a diamond turned surface; (b) Image-processed results for calculating
surface porosity

Figure 3-18a illustrates the effects of depth of cut, feed rate and cutting speed on surface
porosity. Figure 3-18b presents the effect of tool rake angle on porosity. In both cases, there is
no strong dependence of porosity on the machining parameters and tool rake angle. All
machined samples showed an average of about 25% decrease in porosity after machining,
which is acceptable for air bearing applications [101]. It is worth nothing that pressed particles
into pores and rotating grains towards pores, which causes pores to be closed during the cutting

process, are the main reasons in decreasing porosity percentage.
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Figure 3-18: Effects of (a) three machining parameters with their levels (Table 3-1) and (b) tool rake
angle on surface porosity

3.3 Conclusions

The fundamental material removal phenomena in diamond turning of porous carbon

were investigated experimentally. The following conclusions were drawn.

(1) Three major mechanisms were involved in the material removal, namely, shear
fracture, brittle fracture and grain rotation. The brittle fractures can be further divided
into two types: grain boundary fractures and intergranular fractures.

(2)  Among the three independent cutting parameters, the feed rate was the most important

factor with 55.18% affecting the surface formation and surface roughness, and the
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second one was the depth of cut with 38.27%; whereas cutting speed has no significant
impact with just 6.54%.

(3) Tool rake angle influenced both material removal behavior and surface roughness (It
has increased surface roughness from 8.73 to 11.14 um). A negative tool rake angle
was disadvantageous for machining porous carbon.

(4)  The diamond-turned porous carbon surface has an extremely small peak height, a high
core roughness, and a negative skewness distribution, which are advantageous for air
bearing applications.

(5) The diamond-turned porous carbon surface has an average porosity of 26.5%, about

25% decrease in porosity compared with that before machining.

The results from the present study preliminarily demonstrated the possibility of

fabricating high-precision air bearings of porous carbon directly by diamond turning.
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CHAPTER 4

Machining of porous silicon
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Chapter 4 : Machining of porous silicon

4.1 Material and methods

4.1.1 Machining apparatus

Face turning was performed using a three-axis control ultraprecision machine, NACHI
ASP-15 (NACHI-FUJIKOSHI CORP). A photograph of the main section of the machine is
shown in Figure 4-1. The machine has an ultraprecision air-bearing spindle, two perpendicular
linear tables supported by high-stiffness hydrostatic bearings and driven by servomotors via
hydrostatic screws with negligible mechanical friction, and a rotary table supported by
hydrostatic bearings and driven by a friction drive in order to prevent from backlash
movements. Laser hologram scales are used to accurately position all of these tables. Under
precise numerical control, the linear tables can be moved at 1 nm per step and the rotary table

can be rotated with an angular resolution of 0.00001°.

i
. » .
Workpiece
porous silicon
- // Tool holder =
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Figure 4-1: Photograph of experimental setup
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4.1.2 Diamond tool

A commercially available single-crystal diamond tool with a nose radius of 0.5 mm,
rake and clearance angles of 0° and 6°, respectively, as shown in Figure 4-2, was used in

experiments.

Rake angle : 07

E

Clearance [«
Mose radjls: 0.5mm

le: 6" -1
angle .y \\
Figure 4-2: Tool geometry
Figure 4-3 shows a schematic model for diamond turning with a round-nosed tool,
where the maximum undeformed chip thickness /max is an important parameter to evaluate the

cutting performance. smax can be calculated from the tool nose radius R, depth of cut @ and tool

feed rate £, using the following equation when f < V2Ra — a? [102,103].

hmax=R—JR2+f2—2fV2Ra—a2 2)

When f > V2Ra — a?, however, hmax is equal to the depth of cut a. In this study, machining
parameters were selected to make undeformed chip thickness range from ductile mode to brittle

mode cutting for single crystal silicon.
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Figure 4-3: Cutting model for porous silicon using a round-nosed tool

4.1.3 Workpiece materials

Two types of porous workpieces were used. One type had a thickness of 330 um with
blind pores and the other had a thickness of 260 pum with through pores. The workpiece size
for both types is 20.0 mm>20.0 mm with a porous zone of 16 mm in diameter and average pore
size of 2.7 um. Figure 4-4 shows a photograph of a sample and an SEM micrograph of its
surface. These porous silicon samples had been fabricated by anodic oxidation of single-crystal
silicon (100) wafers. In addition to porous silicon samples, single-crystal silicon wafers (100)

without pores were also machined in this study for comparison.
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The area among pores

Pore edge

Figure 4-4: Porous silicon workpiece (a) overview photograph (b) SEM micrograph of anodization area
4.1.4 Machining conditions

Three circular areas, 1.5 mm in width for each, were cut on each sample at feed rates
0f 0.2, 2.0 and 10.0 um/rev, as schematically shown in Figure 4-5. Spindle rotation rate during
cutting was fixed to 1500 rpm, consequently the cutting speed changed from 0.27 to 0.90 m/s.
This range of cutting speed change is insufficient to cause a remarkable difference in cutting
behavior in terms of cutting forces and heat-induced material softening [24]. The depth of cut

was ranged from 1 to 5 um, and the actual depth of cut was measured from the uncut shoulder.
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Single crystal silicon (100)

Porous silicon  Machined surface

Figure 4-5: Schematic illustration of machined areas on workpiece

When cutting a porous material, cutting chips are easy to enter the pores, which might
affect the surface function of the workpiece. In this work, to prevent chips from entering pores,
wax was used in the experiments as pore infiltrant. The wax had a softening point of 76 °C and
adhesion strength of 40 kg/cm?. It was melted and then coated on the porous silicon surface
(the through-hole type) so that it penetrated and filled completely the pores, as shown in

Figure 4-6.
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Figure 4-6: SEM micrographs of porous silicon cross sections showing (a) before (b) after wax coating
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After machining, the wax was removed using ethanol and acetone compounds. Prior to
machining, the sample was bonded onto a copper blank using a heat-softened wax and then

vacuum chucked onto an air-bearing spindle.

4.1.5 Measurement apparatus

In order to evaluate the machined surface quality, a white light interferometer was used
and the surface profile was analyzed by the Talymap software (Taylor Hobson Ltd.). A
scanning electron microscope (SEM, Model Inspect S50) and a field-emission scanning
electron microscope (FE-SEM, Model JSM-7600F, JEOL) were used to observe the sample
surfaces and tool wear. A Laser micro-Raman spectroscope, NRS-2100 (JASCO Corp., Japan),
was used to characterize the subsurface damage. In addition, a piezoelectric dynamometer
(Kistler 9256C2) was mounted below the tool to measure micro-cutting forces during the

cutting tests.

4.1.6 Finite element simulation

To assist understanding the material removal mechanism of porous silicon, the stress
distribution in the cutting area was simulated by using AdvantEdge, a finite element (FE)
machining simulation program produced by Third Wave Systems USA. Two-dimensional
simulations of orthogonal cutting were performed, thus, the undeformed chip thickness was the
same as the depth of cut. The tool rake angle, relief angle and cutting speed used in the
simulations were the same as those used in the experiments. The pressure-sensitive Drucker-
Prager constitutive model [104—106] was used to establish the material property model for
silicon. The pertinent workpiece material properties are given in Table 4-1. In order to

minimize boundary effects, the workpiece height should be at least five times of the depth of
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cut according to AdvantEdge guideline. In this work it is 1000 times bigger than depth of cut.

In addition, the length of cut should be 20 times the depth of cut.

The workpieces were constrained from displacement in the X and Y axis in the bottom
plane. The right and top-most sides of the tool are fixed in the X and Y directions. The
minimum element size for workpiece meshing is 0.0001 mm with 600000 maximum number

of nodes, in which mesh refinement and coarsening factors are 2 and 6 respectively.

Table 4-1: FEM modeling parameters of workpiece

Parameters Value
Pressure-sensitivity coefficient 0.375
Material constant (GPa) 8.125
Hardness (GPa) 13.0
Tensile yield stress (GPa) 5.9
Young’s modulus (GPa) 165
Thermal Conductivity (W/m ° C) 149
Heat Capacity, J/kg °C 712
Density, kg/m? 2330

4.2 Results and discussion

4.2.1 Microfracture phenomena

Figure 4-7a and b show SEM images of the machined surface of bulk single-crystal
silicon without pores. As undeformed chip thickness was increased, the cutting mode transited
from ductile to brittle. Microfractures began to form at an undeformed chip thickness between
248 nm to 532 nm, and the density of the microcracks increased with undeformed chip
thickness. In contrast, Figure 4-7a and d show SEM images for machined porous silicon. In

this case, brittle mode machining is significant around pores while ductile mode machining
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was only observed in the areas among the pores. The size of brittle fractures increased with the

increase of undeformed chip thickness.

s Fractures

Ductile mode

Figure 4-7: SEM micrographs of machined surfaces of single-crystal silicon without pores and porous silicon at
different undeformed chip thicknesses: ((a) and (¢)) /ma =12nm, ((b) and (d)) Zmex =794nm.

Figure 4-8 compares the surfaces machined at undeformed chip thickness of /=122
and hma=532nm at a higher magnification. At fmq =122 nm, brittle fracture is mostly observed

at pore edges, while by increasing /mq to 523 nm, the areas among pores are also fractured.
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Figure 4-8: Magnified SEM micrographs of machined surface of porous silicon at different undeformed chip
thicknesses (a) max=122 nm (b) Aue=532 nm

It is well-known that there is a brittle-ductile transition in chip formation during the
cutting of brittle materials when the undeformed chip thickness is reduced
[24,34,102,107,108]. When undeformed chip thickness is less than the critical undeformed chip
thickness, no cracks are generated. When the undeformed chip thickness is larger than the
critical value, however, microfractures are generated and the density of microfractures

increases with the undeformed chip thickness.

Ductile mode cutting of a brittle material is based on hydrostatic pressure (compressive
stress) which determines the extent of plastic deformation prior to fracture [28,29]. This stress
state exists in the vicinity of cutting edge and is dependent on tool rake angle and undeformed

chip thickness. When undeformed chip thickness becomes small enough, the entire cutting
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region will be under the high compressive stress state, such a high hydrostatic pressure becomes
a prerequisite for machining brittle materials by plastic flow at room temperature [30]. In

addition, high hydrostatic pressure can prevent microcrack propagation by the closure of cracks

[31].

Nevertheless, in a porous material, this kind of high hydrostatic pressure state cannot
be maintained around a pore. This causes microcracks to propagate, and as soon as these cracks
reach the pore walls, a part of silicon will be separated from the bulk, leaving fractures. To
further investigate the phenomenon of material removal mechanism, the edges of a pore were
divided into four groups according to the direction of cutting with respect to the orientation of

a rectangular pore, as schematically shown in Figure 4-9.

Feed direction

Cutting direction

Figure 4-9: Schematic illustrations of four areas of pore edges

As shown in Figure 4-10a, the area indicated by “I”” was cut in a brittle mode, while the
area indicated by “IV” was cut in a ductile mode. Both “II”” and “III” areas were also cut in a
brittle mode but less severely in comparison with the “I” area. The size of brittle fracture
decreases with tool feed rate (Figure 4-10b). Figure 4-10c and d show pores having oblique

edges to the cutting direction.
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Figure 4-10: Material removal behavior around pores: (a) hmax 174 nm ()LZ 0 pm/rev, a=2.0 pm); (b) Amax 17
nm (=0.2 um/rev, a=2.0 pm); (¢) Amex =122 nm (f=2.0 pm/rev, a=1.0 um); (d) Ame =12.6 nm (f=0.2 pm/rev,
a=1.0 pm)

As shown in Figure 4-11a, the area “I” is significantly influenced by the high-pressure
induced by cutting edge, providing a condition for microcracks to propagate severely to reach
the wall of pore because there is no resistance in the pore. When tool passes the pore, some
chips are carried away by the rake face of the tool and some other chips would be pressed into
the pore (Figure 4-11b). As the tool reaches the “IV” area, as shown in Figure 4-11c, the
mechanism of cutting would be like that of a non-porous bulk material except that there is an

impact from the tool to the pore edge.

57



(a) Chi{m

\
Detached part 4

Eutt'mg direction

Diamond tool

wfmcks propagation, Edge radius

Mo reaction
force to resist

Pore High hydrostatic

FI‘&:SEI.I.'I.'E area

Cutting direction
b —

Amorphous chips
D P Diamond tool

Brittle chips

Edge radius

(C) :Cutting direction

Diamond tool

Edge radius

High hydrostatic
pressure area

Figure 4-11: Schematic illustrations of cutting mechanisms near a pore (a) I area (b) pore area (c) IV area

The cutting mechanisms of the “II”” and “III” areas involve brittle fractures too, but the
size of brittle fractures depends on the relative position between the tool and the pore. When
the tool feeds toward an edge of a pore, the tool feed-induced force has a significant side force

component, as shown in Figure 4-12a, which will lead to large brittle fractures around the pore
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edge. When the tool feeds over a pore, however, the side force component is vanishingly small,
as shown in Figure 4-12b, thus brittle fracture is greatly suppressed compared to that in
Figure 4-12a. From this meaning, it is presumable that using a tool with a larger nose radius

can reduce the side force component.
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Figure 4-12: Schematic illustrations of cutting mechanisms in (a) II area and (b) III area

SEM images of the machined surface also indicated that as long as undeformed chip
thickness was less than 248nm, increasing depth of cut led to significant accumulation of chips
in pores. As shown in Figure 4-13, increasing depth of cut at the same feed rate results in higher
material removal rate and consequently increases chip volume, and in turn, increased the

chance for chips to enter pores.
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(a) a=1 pm

(b) a=4 pm
Figure 4-13: SEM micrograph of surfaces machined at /=2.0 pm/rev and different depth of cuts

4.2.2 Raman spectroscopy

It is known that for single-crystal silicon (c-Si), the triple degenerate optical phonons
display in the first-order Raman spectrum a sharp peak at the Raman shift of 521 cm™! and for
amorphous silicon (a-Si1), the first-order Raman spectrum reflects the phonon density of states
and presents an optical band peak at 470 cm™ [109,110]. To verify the microstructure of
machined porous silicon surface, laser micro-Raman tests were performed on four areas of

pores.
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In Figure 4-14, curve (I) shows the Raman spectrum of the surface machined at an
undeformed chip thickness of 174 nm in “I” area of a pore. There is a characteristic Raman
peak of c-Si at 521 cm’!, whereas the intensity at other frequencies is negligibly low. This
indicates that the subsurface layer is mainly crystalline silicon. Curves (II) and (IIT) show the
Raman spectrum of the surface machined in the “II” and “III” areas, respectively, where the
intensity of the Raman peak of c-Si at 521 cm™! clearly becomes lower than that in (I). However,
a broadband peak centered at 470 cm™! appears in (III), indicating that the subsurface layer has
been partially transformed into an amorphous state. Curve (IV) shows the Raman spectrum of
“IV” area of a pore. The broadband peak at 470 cm™ becomes more significant, whereas a
small peak can still be observed at 521 cm™!. This indicates that the subsurface layer within the
laser penetration depth has been mostly transformed into an amorphous state. This result is

similar to that of the machined bulk single crystal [109].
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Figure 4-14: Laser micro-Raman spectra of I, II, Il and IV areas machined at /ey = 174nm (/=2.0
pm/rev, a=2.0 pm)
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Raman spectra of the cutting chips were also investigated. Figure 4-15a is the Raman
spectrum of chips produced under the feed rate of 0.2 um/rev, which shows a strong amorphous
peak. In contrast, chips produced at a higher feed rate (~2.0 um/rev) showed a combination of

completely amorphous, partially amorphous, as well as crystalline phases, as shown in

Figure 4-15b.
240
d
z
'c c-5i
=] 5
g ¢ iy
=220 a-5i
S Y ‘;‘
= - r.'Jl
G AN, o e, ‘l'\.‘-\‘l‘fl"lr""" ﬂr“'l"".-k-.l'l I1
§ ﬂ,-.---"-'f"'h""*'l"'-"'llrr e e, i i i AN_,M_I_H dens
=
200
200 300 400 500 200
Raman shift (cm™1)
(a) f~0.2 pm/rev, a=1 um
300
E
b (1) Crystalline phase /
= (2) Partially amorphous phase c-Si_ )|
- 260 (2) Completely amorphous state el
= - 2
5 Z asi
g et St SN
E B . § i g L
] B E Ok \ " A
g™ e S (2)
o . e SR et e [3} r
200 300 400 S0 600

Raman shift (cm™1)
(b) ~2.0 um/rev, a=1 um
Figure 4-15: Laser micro-Raman spectra of chips in a pore

4.2.3 Finite element simulation of stress distribution

To understand the change in cutting mechanisms around a pore, the cutting-induced
stress distributions at the “I” and “IV” areas around a pore were investigated using the finite

element machining simulation.

Figure 4-16 shows stress distributions in the “I” and “IV” areas of a pore for an

undeformed chip thickness of 532 nm. As the tool reaches the pore edge in the “I” area, as
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shown in Figure 4-16a, a very large tensile stress area is formed beneath the tool tip and
extending towards the pore. This kind of tensile stress induces microcrack propagation and
results in brittle fractures [111,112]. In contrast, the stress distribution in the “IV” area is similar
to that of bulk material cutting, where only an extremely small area beneath the tool tip is under
tensile stress while the other areas are under compressive stress, as shown in Figure 4-16b.
There is a long area along the wall of the pore showing tensile stress, but the tensile stress is
too low to cause brittle fractures. The simulation results agree well with the experimental
results in section 4.2.1, indicating that brittle fractures in the “I” area are more significant than

those in the “IV” area
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4.2.4 Effects of wax infiltrant

In order to prevent chips from filling pores during machining, wax was used as infiltrant

in the next experiments. As shown in Figure 4-17a, by using wax infiltrant and removing the

wax after machining, chip-free pores were successfully obtained. Another noteworthy

phenomenon in Figure 4-17a is that there is almost no brittle fracture on the machined surface.

W O
’ gO Du.;le modeD

Figure 4-17: SEM micrographs of surfaces machined using wax as infiltrant at different undeformed chip
thicknesses: (2) /mar =12 nm; (b) Amexr =286 nm; () Amax =724 nm; (d) Amax =1446 nm

Though the increase in undeformed chip thickness caused brittle fracture generation

around pores (Figure 4-17b-d), the brittle fractured areas are much smaller than that without
wax infiltrant. In comparison to machining porous silicon without wax condition, using wax as
infiltrant shows the significant improvement in the quality of the machined surface. The use of

wax as infiltrant might have two advantages. First, it prevents chips from getting into pores.
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Second, wax fully filling a pore can help to resist hydrostatic pressure around the pore to some

extent, preventing the propagation of cracks.

Figure 4-18 shows four different fracture patterns around pores observed at /=25
nm. There are no chips in “IV” area thanks to the wax infiltrant. However, some chips are stuck
on the “I” area in Figure 4-18b and d. This might be a result of chip embedding into the wax
inside the pores. Supported by the wax, the embedded chips are further cut and deformed by

the subsequent tool pass, thus adhered onto the pore edges.
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Figure 4-18: Behavior of cutting in various pore areas when using wax (Auex=25 nm)

4.2.5 Effects of tool chipping

Figure 4-19a is an SEM photograph of the tool edge after cutting of porous silicon for
a total cutting distance of 105 m. The undeformed chip thickness was changed from 12.6 nm
(0.2 um/rev, a=1 pm) to 1163 nm (/~=10.0 um/rev, a=4 pm) during this cutting distance. In
the figure, no obvious wear can be observed whereas a few micro-chippings have occurred to
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the edge. The size of these micro-chippings is approximately 1 pm. As cutting distance
increased, both the number and the size of the micro-chippings increased. Figure 4-19b is an
SEM photograph of the cutting edge after a total cutting distance of 844m, where the size of

micro-chippings ranged from 5 to 15 um.

/,

““Micro-chipping

Main cutting edge

Flank face

50 pm

(a) Cutting edge after cutting distance of 105 m

Micro-chipping Main cutting edge

Flank face

50 pm

(b) Cutting edge after cutting distance of 844 m
Figure 4-19: SEM photographs of the cutting edge, showing occurrence of micro-chippings

In ultraprecision cutting of bulk single-crystal silicon, there are two types of tool wear:
micro-chippings and gradual wear [113]. The tool wear in ductile cutting is a stable and gradual
process, where a slight crater wear and a significant flank wear occur. However, under brittle
cutting mode, micro-chippings occur to the edge, which are caused by micro impacts from the
craters on the workpiece surface. Compared to bulk single-crystal silicon, the cutting
mechanism of porous silicon involves numerous micro impacts from the pore edges. Thus,

micro-chippings aggravate gradually, leading to bigger edge chippings. This situation is similar
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to the fracture of brittle-material tools in interrupted cutting or in the cutting of materials

containing hard particles and inclusions [114,115].

Next, the effect of tool chipping on machined surface quality was examined. As shown
in Figure 4-20, using a chipped tool as shown in Figure 4-19b led to obvious brittle fractures
around pores even at a very small undeformed chip thickness and even when using wax as
infiltrant. As the size of tool micro-chippings (5~15 um) is distinctly bigger than the depth of
cut (1~5 um), the tool will have a highly negative effective rake angle. In the cutting of non-
porous silicon, a negative rake angle helps to generate hydrostatic pressure which makes brittle
material deform in a plastic manner. In porous silicon cutting, however, the higher the
hydrostatic pressure is, the severer the crack propagation around the pores when the high
pressure is released around a pore. In addition, a highly negative rake angle pushes more chips

inside the pores.

(a) hmax=19 nm () hmax=18 nm
Figure 4-20: Machined surface of porous silicon using (a) a new tool and (b) a chipped tool

4.2.6 Cutting force characteristics

A comparison of cutting forces (principal forces) of bulk single-crystal silicon and
porous silicon is plotted in Figure 4-21. In the Figure, “a”, “b” and “c” indicate three stages of

face turning: the stage of tool approaching to the workpiece, the steady cutting stage, and the
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stage of tool detaching from the workpiece,

respectively. Figure 4-21 indicates that the

magnitude of cutting force in machining of bulk single-crystal silicon is higher than that of

porous silicon. This result might be attributed to two aspects: the low density of porous silicon,

and the significant brittle fractures occurring around the pores.
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Figure 4-21: Cutting force measurement results

To further investigate the major factor reducing the cutting force of porous silicon, the

machining pressure induced by principal force was calculated using the chip cross section

model in Figure 4-22. The pressure was calculated from the principal force F and the contact

area A. perpendicular to the principal force F. as

F
p=-%
Ac

3)
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Where F. is derived from the experimentally measured principal force, and 4. is
calculated by the following integral equation:
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Figure 4-22: Schematic model for undeformed chip cross section

When calculating the effective contact area between silicon and diamond, the porosity
of the porous silicon workpiece was estimated by analyzing the SEM images of 10 different
parts of the porous silicon surface using the Image] software. The results indicated that the
surface porosity was approximately 30%. Therefore, the effective contact area between silicon

and diamond was 0.7 times that of the cross-sectional area of the chip.
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Table 4-2 shows the machining pressures in single-crystal silicon and porous silicon.
The result reveals that the machining pressure decreases sharply with increasing tool feed rate.
As the undeformed chip thickness increases, the principal force increase, but the slope of the
force increase in the brittle region is remarkably smaller than that in the ductile region, because
the brittle material removal results in lower cutting forces and subsequently less machining
pressure [29,34]. From this meaning, it is presumable that the reduction of machining pressure

in cutting porous silicon was mainly caused by the brittle fractures occurring around the pores.

It is also noted that using wax as infiltrant leads cutting force to increase. This increase
can be accounted for the cutting resistance from the wax layer, which was about 30 pm thick
above the porous silicon surface. In Figure 4-21, the cutting forces between the third and fourth

seconds were caused by the wax layer only.

Table 4-2: Machining pressure

Workpiece material Alum/rev), a(um) A (x102m?) F(N) P=F/A.(GPa)
2.0, a=4 7.9993 0.2861 35.76
Single crystal silicon =10.0, a=4 39.9167 0.4364 10.93
2.0, a=4 0.7x7.9993 0.0802 14.32
Porous silicon £=10.0, a=4 0.7x39.9167 0.1362 4.87

4.2.7 Surface flatness

Surface flatness was measured in three-dimensional (3D) forms in which the average
arithmetical deviation of the area was calculated by using the TalyMap software. As the range
of measurement of the white light interferometer was from -50 um to 50 pm, it was not able to
obtain data from the bottom of a pore. Thus, surface flatness measurement was based on the

data obtained from areas among pores.
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As shown in Figure 4-23, the surface flatness of machined surface using wax infiltrant
is better than that without wax and is almost the same as that of a single-crystal silicon wafer
(flatness ranging from 8 to 13 nm) when undeformed chip thickness is /qax < 25 nm. Increasing
undeformed chip thickness leads to worse surface flatness. Cutting porous silicon without wax
infiltrant results in surface flatness between 80 nm to 180 nm. The surface flatness increases to

~500 nm when a chipped tool is used for cutting.
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Figure 4-23: Flatness of machined surfaces

Figure 4-24 shows 3D surface topographies of porous silicon before and after diamond
turning. By applying wax as infiltrant and using a small undeformed chip thickness (Amuax <25
nm), high surface flatness is achieved. The surface flatness of the as-received porous silicon

was 42 nm, while the one after diamond turning was 13 nm.
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Figure 4-24: 3D surface topographies of (a) original porous silicon and (b) machined one

4.3 Conclusions

The fundamental material removal phenomena in diamond turning of porous silicon
under various conditions were investigated experimentally. The following conclusions were

drawn.

(1) The mechanism of cutting porous silicon is significantly different from that of bulk
silicon due to the existence of pores. The hydrostatic pressure induced by the cutting

tool is released near the edge of a pore, causing microfractures.
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(2)

(3)

(4)

()

(6)

(7)

The mechanism of material removal is strongly dependent on the direction of cutting
with respect to the pore edge orientation. Three types of material removal behaviors
were confirmed in various areas around a pore: severely fractured area, slightly

fractured area, and ductile-cut area.

Raman spectroscopy showed that the material structures of subsurface layers of the
above three kinds of areas are crystalline, partially amorphous, and completely

amorphous, respectively.

Cutting porous silicon using wax as infiltrant not only prevents chips from entering
pores but also shows significant improvement in surface quality in terms of decreasing

brittle fractures.

Micro-chippings of cutting edge occur, the number of size of which increases with
total cutting distance. Tool chippings cause a significant increase in micro fractures

of silicon around pores.

The cutting force in machining of porous silicon is remarkably lower than that of bulk
single-crystal silicon due to the brittle fractures around pores and the low density of

porous silicon.

The surface flatness of anodized porous silicon may be improved to the nanometer

level by diamond turning.

The present study has demonstrated that by controlling cutting parameters and using

wax as pore infiltrant, it is possible to obtain an extremely high surface flatness of porous

silicon.
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CHAPTER 5

Machining of porous titanium
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Chapter 5 : Machining of porous titanium

5.1 Material and methods

5.1.1 Machining apparatus

Face turning was performed using a three-axis control ultraprecision machine, NACHI ASP-
15 (NACHI-FUJIKOSHI CORP). A piezoelectric dynamometer (Kistler 9256C2) was
mounted below the tool holder to measure cutting forces during the cutting tests. Figure 5-1

shows a schematic diagram of the experimental setup.
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cpihoted Workpiece

Feed rate v\
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/
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Figure 5-1: Schematic diagram of experimental setup

A workpiece holder was designed and fabricated to fix the workpiece to the spindle using a
sliding mechanism to adjust the distance between the workpiece and the center of the spindle.
The workpiece was fixed using three screws to the holder which is then vacuum chucked to the
machine spindle. A metal piece was fixed on the opposite side of the workpiece to keep
dynamic balance during spindle rotation. To guarantee the accuracy of results, all machining

tests were repeated twice at the same conditions.
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5.1.2 Diamond tool

In this study commercially available single-crystal diamond tools with a nose radius of
1.0 mm, tool edge radius of ~100 nm, rake and clearance angles of 0° and 8°, respectively, were
used in these experiments. Figure 5-2 shows SEM images and contour profiling error of a
single-crystal diamond tool. The tool faces and the edge are extremely smooth. The geometrical
error over a window angle of 100° is ~380 nm, thus in the actually used range of tool edge, the

profile accuracy of the tool is in the nanometer scale.

1.0 mm

R=

b

Tool cutting edge

1ym

Figure 5-2: SEM micfograph and contour profile 6f a diamond tool edge

In ultraprecision diamond turning with a round-nosed tool, the maximum undeformed
chip thickness (Zxax) is an important parameter to evaluate the cutting performance. Figure 5-3
shows a schematic model for diamond turning with a round-nosed tool. Zmax can be calculated

from the tool nose radius R, depth of cut a and tool feed rate f, using Eq. (2).
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Feed direction

Figure 5-3: Cutting model for a round-nosed tool

5.1.3 Workpiece materials

Porous titanium blocks (sample size: 20.0 mm x 15.0 mm x 10.0 mm) with purity of
99.8% were used as workpieces. For comparison, pure titanium blocks with the same size were
also machined. The chemical compositions of both pure titanium and porous titanium were the
same, as shown in Table 5-1. The porosity of the porous titanium samples used in the
experiments was ~30%, with pore size ranging from a few nanometers to ~100 microns. The

titanium sample has ultimate tensile strength of 370 MPa, yield strength of 300 MPa and

hardness of 145 HV.
Table 5-1: Chemical compositions of porous titanium
Purity% Fe% 0% C% N% H%
99.8 0.04-0.25 0.1-0.2 0.0-0.08 0.0-0.03 0.01-0.13

5.1.4 Machining conditions

Four feed rates and two depths of cut were used to cut concentric areas on each sample.
Since the distance of each area from the spindle center is different, spindle rotation rate was
adjusted for each area to get the same cutting speed in all tests. Table 5-2 shows the machining

parameters of experiments. In addition, experiments were performed under dry cutting
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conditions and wet conditions using a coolant, respectively. As coolant, CASTY-LUBE® B-

905, a fatty acid ester, with a density of 0.8782 (15 °C) g/cm?® was used in the form of mist jet.

Table 5-2: Machining conditions

Depth of cut (a) 5,15 um

Feed rate (f) 1, 10, 50, 100 pm/rev
Cutting speed (v) 50 m/min

Spindle rotation (n) 252 ~ 176 rpm
Maximum undeformed chip thickness (%ax) 99 ~12331 nm

5.1.5 Measurement apparatus

In order to evaluate the machined surface texture, a white light interferometer was used
and the surface profile was analyzed by the Talymap software (Taylor Hobson Ltd.). A
scanning electron microscope (SEM, Model Inspect S50) was used to observe the chips, the
machined surfaces and tool wear. SEM images of the machined surface were then used for
analyzing the surface porosity using the ImageJ software. To evaluate surface hardness
variations, hardness measurements were performed using a micro Vickers hardness tester

(Shimadzu HMV-G21S) by applying a load of 1 N for 10 s on selected specimens.

5.1.6 Finite element simulation

To assist understanding the material removal mechanism of porous titanium, the
material deformation in the cutting area was simulated by using AdvantEdge, a finite element
(FE) machining simulation program produced by Third Wave Systems USA. Two-dimensional
simulations of orthogonal cutting were performed, thus, the undeformed chip thickness was the
same as the depth of cut. The tool rake angle, relief angle and cutting speed used in the
simulations were the same as those used in the experiments. Using a tool edge radius (») smaller

than 100 nm, as used in experiment, was extremely time-consuming in simulations, so an edge
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radius of 400 nm was used. Accordingly, depth of cuts (@) were also enlarged in the simulation
to keep the same proportion of depth of cut to edge radius as that in experiments. The
coefficient of friction between rake face and chip used in the FE simulations was 0.7, which
was obtained from experimental tests in micrometer scale cutting of titanium. For workpiece
and tool meshing, the minimum element size was 0.0001 mm with 600000 maximum number
of nodes, in which mesh refinement and coarsening factors are 2 and 6 respectively. The
mechanical properties such as ultimate tensile strength, yield strength and hardness used in the
simulations were the same as those of titanium sample. The modified power law constitutive

model was used to establish the material property model for titanium.

In order to minimize boundary effects, the workpiece height should be at least five
times of the depth of cut according to AdvantEdge guideline. In this work it is 1000 times
bigger than depth of cut. In addition, the length of cut should be 20 times the depth of cut. The
workpieces were constrained from displacement in the X and Y axis in the bottom plane. The

right and top-most sides of the tool are fixed in the X and Y directions.

5.2 Results and discussion

5.2.1 Cutting force characteristics

Figure 5-4 shows the principal force (F¢), thrust force (£7) and resultant force () during
machining titanium (Ti) and porous titanium (PTi) at two depth of cuts. The figure indicates
the decrease of resultant force as feed rate decreases. There is also an increase in cutting forces
as depth of cut increases from 5 to 15 pm. Comparison of cutting forces between pure titanium
and porous titanium shows that, although the magnitude of cutting forces of pure titanium is
about 15% greater than that of porous titanium at a high feed rate (100 pm/rev) and depth of

cut (15 um), this percentage becomes zero at a low feed rate (1 pm/rev). The gap in cutting
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force between pure titanium and porous titanium is caused by the pores which reduce the

effective volume of deformed material.
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Figure 5-4: Cutting forces of pure titanium (Ti) and porous titanium (PT1i) in dry condition at depth of cut (a) 5
pm and (b) 15 um

5.2.2 Shear angle

Next, the shear angle ¢, which is defined as the angle between the shear plane and the
cutting direction, was derived from arctangent of the ratio (7.) of undeformed chip thickness
(h) to the chip thickness (/). Concerning the shear angle changes along the round edge of the
tool, in this study, the shear angle was calculated based on maximum chip thickness measured

using Imagel software by analyzing the SEM images of chips, as shown in Figure 5-5.
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Figure 5-5: SEM micrograph of chip (=100 um/rev, a=5 m

Figure 5-6 shows shear angle results. Although the shear angle for porous titanium

S

Maximum chip thickness

§45
:

) used for measuring chip thickness

demonstrates a similar trend to that for pure titanium workpiece with respect to undeformed

chip thickness, the shear angle of porous titanium is larger than that of pure titanium. The
difference of shear angle is ~10° under the present conditions. The significant difference in
shear angle between pure titanium and porous titanium is due to the presence of pores. This

difference can be explained based on deformation process of pores in the shear zone (see

section 5.2.3).
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Figure 5-6: Changes of shear angle with Z,4x
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FE modeling of cutting at different undeformed chip thicknesses also confirm that shear
angle decreases as huqx decreases, as presented in Figure 5-7. The simulation results also proved
that as undeformed chip thickness decreased, the narrow shear plane gradually converted to a

broad shear zone.
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Figure 5-7: FE simulations of strain rate distribution at three different depth of cuts: (a) a=2.0xr (b) a=1.0xr (c)
a=0.5%r
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5.2.3 Chip morphology

Figure 5-8a, b, and c, d show the chips obtained at /max=7405 nm and Aue=1679 nm,
respectively. In the figure, chip edge tearing phenomenon is observed. The chip tearing is more
significant in Figure 5-8a and ¢ (left side of the chip) compared to Figure 5-8b and d (right side
of the chip). This result demonstrated that a larger cutting width with smaller undeformed chip

thickness caused more severe chip tearing. Apart from chip tearing, cracks were generated on

the left side chip edge in Figure 5-8a and c.
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Figure 5-8: SEM icrograhs of chip obtained at ((a) and (b)) Zmax =7405 nm and ((c) and (d)) Amax =1679 nm

In order to understand the chip tearing phenomenon, the change in cutting force
direction with undeformed chip thickness was calculated. Figure 5-9 shows the change of
resultant force angle with 4,qx. As undeformed chip thickness decreases, resultant force angle
(y) increases from 36° at /imax=12331 nm to 57° at imax=99 nm. Similarly, as undeformed chip
thickness decreases from the uncut surface to the cut surface in Figure 5-3, the resultant force

direction will change significantly.
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Figure 5-9: Change of resultant force angle with /ax

Figure 5-10 shows a schematic three-dimensional model for tool-workpiece contact

area. While the area of the plane normal to principal force decreases from right side “II” to left

side “I”, the area of the plane normal to thrust force, which is determined by tool edge radius,

remains constant along the tool edge. Thus, the resultant force in the region close to “II” is

mostly parallel to cutting direction, while that around “I” is directed towards the workpiece

surface.

Top view /

Front view

Thrust force

N\

Principal force

Isometric view

Direction normal to chip area

Figure 5-10: Schematic model for tool-workpiece contact area
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The change of resultant force direction along the tool edge as shown in Figure 5-10
leads to different chip formation behaviors. The force component vertical to the workpiece
surface near region “I”’ causes chip tearing (Figure 5-8a and c). However, the force component

parallel to cutting direction near region “II”” cause continuous chip flow (Figure 5-8b and d).

Next, the specific cutting force [116-118], i.e., the ratio of the resultant force to the
tool-workpiece contact area projected on the plane normal to the resultant force (Figure 5-11),

was calculated using following equations.

E,
Fop =7 s)
T
EZ — Fc2 + Ft2 (6)
tany = £ tans =2t A =4 (y —8)
any = r an§ = 2. A = A,cos(y %
A =1 X [ZnR (%)] (see Figure 5-15a) ®)

Figure 5-11: Model for calculating specific cutting force

Where F, is specific cutting force, F is resultant force, F. is principal force, F; is thrust

force, A. is area normal to principal force which can be calculated by Eq. (4), 4, is area normal
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to thrust force and derived from multiplication of tool edge radius (r) in the width of chip, 4,
is the resultant area of 4. and 4;, A, is area of 4, normal to resultant force, y and J'are angles
between A’ and 4, and the vertical direction respectively, R is tool nose radius, a is angle
between vertical direction and line connect the center of tool nose radius to desired depth of
cut in undeformed chip profile, f is angle between vertical direction and line connect the center
of tool nose radius to the end point of chips (see Figure 5-15a). It should be pointed out that as
tool wears out the tool edge radius increases, and consequently, cutting force increases. To
reduce the effects of tool wear on specific cutting force results, a new tool was used for a very

short cutting distance (~75 m) for force measurement.

Figure 5-12 shows the results of specific cutting force with respect to fmax. AS hmax
decreases, the specific cutting force increases slightly at the micro level, and then sharply when
hmax approaches the sub-micrometer level. As the ratio between the undeformed chip thickness
and the tool edge radius decreases, the size effect in specific cutting force is predominant, as
known in traditional metal cutting [65,119—-125]. Decreasing this ratio also leads to increased
fluctuation of specific cutting force, as shown in Figure 5-12, due to the pores and saw-toothed
chip formation. The specific cutting force in porous titanium cutting is slightly lower than that
in pure titanium cutting due to the existence of pores and the different disappear in the

nanometer rage.
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Figure 5-12: Changes of specific cutting force with Z,ax

86



The presence of pores causes the edge-induced stress to be released as it reaches a pore
leading to decreasing specific cutting force down to 20% in micro-scale cutting. Decreasing
specific cutting force is the main reason of increasing shear angle in porous titanium cutting
(Figure 5-6) [126,127]. However, as undeformed chip thickness decreases to the nanometer
scale, shear angle gap vanishes and specific cutting force increases due to the welding

phenomenon (see more in section 5.6).

5.2.4 Chip tearing

For the “II”” side of the chip, instead of chip tearing, chip edge wrinkle was observed at
a small /max, when a worn tool was used. As shown in Figure 5-13a, chip wrinkle is found at
the upper side edge of chips formed at /ma.x = 172 nm by a tool after a cutting distance of 250

m.

JO— 7, g — -

Figure 5-13: SEmicrographs of chiﬁs formed by a tool afte a cutting distance of (a) 250 , (b) 75
m at fimg,=172 nm
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By contrast, the chips generated by a tool after a cutting distance of 75 m has no edge
wrinkles, as shown in Figure 5 13b. Chip wrinkling is a result of local elongation of a chip due
to high strain squeezing, which is accelerated as the tool wears out. However, the high-strain
band is very narrow compared with the “I”’ side, which is insufficient to cause chip tearing.
After repetitive experiments and measurement of lengths of torn edge and chip widths as shown
in Figure 5-14, it was found that chip tearing occurred only when the undeformed chip
thickness is smaller than a critical value ~100 nm, which is approximately equal to the tool

edge radius of a commercially available diamond tool.

100 um
Figure 5-14: SEM micrograph of deformed chip profile (Zuq =7405 nm)

Figure 5-15a and b show schematic illustration of undeformed chip area at two different
feed rates. To calculate the length of chip edge (where the thickness is less than the desired
value) on the “I”” edge as shown in Figure 5-15a, first, using Eq. (2), depth of cut at which chip
thickness equals the desired value can be obtained, then, this depth of cut can be applied in
following equations to calculate the length of chip edge (L;) in “I” side, as shown in

Figure 5-15a.
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a+p
by = 2nR x ( 360 ) )
V2R — a?
a = arctan (?) (10)
f
B = arctan( 2 ) (11

Jre =&y

Where f'is feed rate, a is depth of cut, and R is tool nose radius.
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Figure 5-15: Schematic model for critical thickness on chip edges at two different feed rates

When the depth of cut calculated by Eq. (2) is less than a critical value, which is unique

for every feed rate and tool nose radius, Eq. (9) is no longer valid. This critical value can be
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calculated using f = V2Ra — a? which means y=0 and /max 1s equal to the depth of cut (a) as
shown in Figure 5-15b. This critical depth of cut at feed rate of 50 and 100 pm/rev is 1.25 and
5.0 um, while thickness required is less than 100 nm. As a result, the starting point of edge
tearing is somewhere in the left side of critical depth of cut (red dash line) as shown in

Figure 5-15b. In this case length of chip edge (L) can be calculated using following equation.

LZZ\/RZ—(R—G)Z—g (12)

To calculate the length of chip edge (L3) on the “II”” following equation can be used at

all feed rates:

Ly =f?—h? (13)
In order to calculate the total width of the chip, the target value can be set to be /pax in
Eq. (2) and then using Eq. (9) the total width of the chip will be obtained. Under a feed rate of
1 pm/rev and a depth of cut of 5 pm, the maximum undeformed chip thickness was 99 nm,

thus chip tearing occurred all over the tool edge, as shown in Figure 5-16.

Figure 5-16: SEM micrographs of torn chip at /=99 nm

As undeformed chip thickness is further decreased below a minimum chip thickness

(tmin), a kind of transition to plowing occurs and no chip formation takes place. To determine
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the minimum uncut chip thickness experimentally, a set of experimental tests were carried out
at a feed rate of 0.2 um/rev and different depth of cuts ranging from 0.5 to 50 pm to produce a

maximum undeformed chip thickness from 5 to 50 nm.

At a maximum undeformed chip thickness 4,,.,=10 nm, small particles were generated,
as shown in Figure 5-17a, while no continuous chips were found. As /nax increased to 30 nm,
short continuous chips were generated lamella structure (Figure 5-17b). This result indicates
that the minimum chip thickness (i) is between 10 nm and 30 nm. Longer continuous chips
with regular lamella structures were observed at /,,,=50 nm (Figure 5-17c). This indicates that
when undeformed chip thickness is less than 50 nm, the workpiece material deformation is
mainly plowing, where plastic deformation occurs in a broad zone rather than a shear plane.
Thus, the stable formation of long and continuous chips becomes difficult, causing the

aforementioned chip tearing phenomenon.

Many researchers have proposed theoretical models to determine the minimum uncut
chip thickness [18,66,128—134]. Most of these models are derived on the basis of friction
coefficient and tool edge radius. One of the widely used models, proposed by Son et al. [135]

is shown in Eq. (14).

n p
tmin =7 X (1 — COS(Z — E)) (14)
Where #in 1s the minimum chip thickness, r is the tool edge radius and p is the friction

angle between the tool and the workpiece. The friction angle can be obtained by Eq. (15) [136]:

Fy
p=a+tan 1=
: (15)

Where « is rake angle (a=0 in this study); F; and F. are the two force components which
are easily measured when the undeformed chip thickness is far larger than the tool edge radius.

In this study, using the relationship of principal and thrust forces captured at /u,=12331 nm,
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a minimum uncut chip thickness was calculated to be 10.71 nm, which is roughly in agreement

with experimental results.

Figure 5-17: SEM micrographs of chips generated at /.= (a) 10 nm, (b) 30 nm (c) 50 nm

Next, the chip tearing ratio (7.;), which is the ratio of the torn parts of a chip formed
under undeformed chip thickness of 100 nm to the total width of the chip, was calculated.
Figure 5-18 presents the results of 7. factor. The 7., shows the same trend as that of specific

cutting force shown in Figure 5-12, indicating the correlation between these two factors.
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Figure 5-18: Change of r; with Zpax

5.2.5 Pore deformation mechanism

The pores in porous titanium can be divided into two categories respecting to their sizes:
pores smaller than undeformed chip thickness and pores bigger than undeformed chip

thickness, the ratio of which decreases as undeformed chip thickness decreases.

Figure 5-19 is a schematic illustration of the deformation process of pores in porous
titanium cutting. A square element is used to present a pore, which is deformed into a rhombus
after passing through the shear plane. Figure 5-19a shows the deformation of a pore with size
less than undeformed chip thickness. The pore remains inside the chip after deformation, and
the ratio of d’ to d”, which indicates pore close, decreases with the shear angle. Thus, the pores
with size less than undeformed chip thickness tend to be closed due to shear deformation. The
possibility of air entrainment in the chip is very low owing to the fact that most of the pores in
porous titanium are interconnected. The effect of pores also depends on the depth of pore in
the workpiece. Figure 5-19b illustrates two pores with the same size as that in Figure 5-19a but
at two different locations. For the pore near the workpiece as indicated by “II”, the pore remains
in the chip as an opening on the chip surface; while for the deeper pore indicated by “III””, the
bottom part remains on machined surface leading to an open cavity on the surface, and the top

part causes an opening on the back side of the chip. In addition to the effect of shear
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deformation on deformation of the pore, the chip-tool friction has profound influences on the
deformation of the pore, as indicated by pore “III”. Interface friction in chip-tool contact zone
causes the top part of pore “III” to be closed. Where a pore is very large, as indicated by pore
“IV” in Figure 5-19c, the pore not only causes a big opening on the machined surface but also

leads to chip segmentation.
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Figure 5-19: Schematic illustration of pore deformation in cutting porous titanium

Figure 5-20a and b show the back sides of chips generated in cutting of porous titanium
in comparison with chips generated in cutting of pure titanium (Figure 5-20c and d). It is clear

that the chips of pure titanium have very smooth surfaces, whereas those of porous titanium
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are rougher and contain many opening pores and chip tearing phenomenon found in pure
titanium cutting (Figure 5-20c) takes place at a small /ma for porous titanium too
(Figure 5-20a). Compared to pure titanium chips (Figure 5-20c), the porous titanium chips are
torn more significantly (Figure 5-20a), indicating that the presence of pores increases the

possibility of chip tearing.

Figure 5-20: SEM micrographs of back sides of chips at (a) /nw=1676 nm, (b) Aux=12331 nm in cutting porous
titanium, and (¢) #uw=1676 nm, (d) ~u»=12331 nm in cutting pure titanium

Differences were also confirmed on the front sides of the chips. As shown in
Figure 5-21, the chips of porous titanium have sharp segments protruding from the surface.
This kind of chip segmentation might have been caused by the big pores indicated by “IV” in
Figure 5-19c. The pores induce big gaps inside chips which terminates shear deformation of
the material. As a result, the chip will be segmented and the material will protrude out of the
gap without shear deformation. Although, the segment protruding phenomenon does not occur

on the back side of the chip due to chip-tool friction.
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Figure 5-21: SEM micrographs of chips generated in porous titanium cutting at (2) /#u=4999 nm and (b)
hmax=949 nm. For comparison, chips generated in pure titanium cutting at (¢) #u=4999 nm and (d) /=949
nm are also shown.

By comparing Figure 5-21a and b, it is seen that the chip segment protruding
phenomenon becomes insignificant as undeformed chip thickness decreases. For pure titanium,
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however, as shown in Figure 5-21c and d, the chips have regular lamella structure without

segment protrusion.
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Figure 5-22: FE simulations of chip formation behavior near a pore (¢=2.0xr)

Figure 5-22 shows FE simulation of cutting process near a pore the size of which is

twice of the depth of cut. In the simulation, the formation of protruding chip segments can be
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confirmed. As tool tip feeds toward pore, the deformation occurs on pore edge close to the tool,
while another edge is not influenced (Figure 5-22a and b). This results in a kind of disorder in
continuous chip generation and induces a big gap inside chips which terminates shear

deformation of material leading to the protruding material out of the gap (Figure 5-22¢ and d).

Figure 5-23: SEM micrographs of front sides of chips of (a) porous titanium and (b) pure titanium at the same
undeformed chip thickness (/uq=172 nm)

As undeformed chip thickness decreases to the nanometer scale (4uw=172 nm), the
effect of pores on chip formation has become more obvious, as shown in Figure 5-23a. Chip
tearing in porous titanium cutting are more significant than those in the cutting of pure titanium.
The pores might become sources for chip tearing. The chip tearing phenomenon has a

remarkable impact on machined surface topography at extremely small Zqx.
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5.2.6 Machined surface topography

Surface roughness was measured in machined pure titanium in three-dimensional forms
in which the average arithmetical deviation of the area (S.) was calculated by using the
TalyMap software. The S, data recorded according to feed rate and depth of cut during
experiments are presented in Figure 5-24. From this figure, it can be seen that S, decreases as
undeformed chip thickness decreases. A surface roughness of 47 nm was obtained at a feed

rate of 10um/rev. However, an inverse trend is observed at a feed rate lower than 10 pm/rev.
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Figure 5-24: Surface roughness (Sa) of machined surface at different feed rates and depth of cuts

In order to find out the reasons for the changes in S,, SEM observations and three-
dimensional topography measurements of machined surfaces were performed for each cutting
condition. Figure 5-25 shows SEM micrographs and three-dimensional topographies of
machined surfaces at three different feed rates. At high feed rate (100 pm/rev), the surface
roughness is attributed to the feed marks. When the tool feed rate is smaller than 10 pm/rev,

however, no tool feed marks are seen. The surface roughness is due to non-periodical

unevenness and surface protrusions.
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pum

Fige 525 crographs and three-dimensional surface topographies of machined surfaces at ((al) and
(a2)) /<100 pm/rev (hmax=12331 nm); ((b1) and (b2)) /<10 pm/rev (hnx=1676 nm); ((c1) and (c2)) /=1 pm/rev
(hmax=172 nm)

Further examinations of machined surface samples show that apart from tool feed
marks, there are other types of features influencing surface roughness, including material
plucking from workpiece surface, debris, scratches, and adhered chips. As shown in

Figure 5-25, extremely small debris and scratches are observed under all different feed rates.
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Plucking of material from a surface is observed at a higher feed rate (Figure 5-26a), whereas
chip adhesion was observed remarkably on machined surface at lower tool feed rate

(Figure 5-26Db).
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Figure 5-26: SEM micrographs of machined surfaces at (a) /n=12331 nm and (b) /=172 nm

There might be two reasons for plucking. First, a small part of workpiece material was
peeled off from its original surface by the flank face of the tool. Second, built-up edges were
formed which produces unstable cutting and deep material removal [54]. Scratches might be a
result of replication of the micro-chippings on the tool edge. The adhered chips on the machined
surface are presumably due to the chip tearing phenomenon, as described in Section 5.2.4. Due
to the high pressure toward the workpiece surface at an extremely small undeformed chip
thickness, a part of material cannot be completely removed as a chip, and instead, remained on
the surface as material adhesion. In addition, debris on the machined surface might also be a

part of material separated from torn chips.
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Figure 5-27: FE simulation of pressure distributions at (a) @=2.0r and (b) a=0.5r

To illustrate the effect of high pressure on the deposition of torn chips on the machined
surface, FE modeling were performed at two different depth of cuts. At a large depth of cut
(Figure 5-27a), the high pressure only exists in small regions of the chip. At a small depth of
cut (Figure 5-27b), however, cutting pressure affects all chip thickness. Such a high pressure
acting at very fine chip thickness provides a condition for some parts of chips to stick on the

surface.

Figure 5-28 shows the back side of a chip formed at /,.,=172 nm. Some parts of the
chip have been detached, leaving holes on the chip. The detached parts of chips might become

debris or chip adhesion onto the machined surface.
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Detached parts of chip

Figure 5-28: SEM micrograph of the detached parts of a chip

Figure 5-29 shows SEM micrographs of the machined surface of porous titanium. It is
seen that as /.. decreases, more pores are closed. At an extremely small 44 (172 nm), almost
no open pores are observed on the machined surface (Figure 5-29c¢). Analyzing the SEM
images using Imagel software indicates a surface porosity of ~29% at Amax =12331nm.
Figure 5-30 shows an example of SEM image processed to calculate the area ratio of surface
pores by the Imagel software. However, the surface porosity decreases to ~1% at fimax =172

nm as shown in Figure 5-31.

Two factors might have affected the phenomenon of pore closing: the high shear stress
induced by tool edge, and chips embedding into the pores. The tool-induced high shear stress
causes the extensive plastic flow of material beneath the tool edge, leading to pore closing
(Figure 5-27). The detached parts of chips might enter the pores and embedded after tool pass,

causing pore closing.
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Figure 5-29: SEM micrographs of machined surface of porous titanium at (a) 2u=12331 nm, (b) ~n=1676 nm,
and (¢) fma=172 nm
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Figure 5-30: Image-processed results for calculating surface porosity on the machined surface of
porous titanium at A, =12331 nm
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Figure 5-31: Change of porosity percentage with Aqx

Figure 5-32 shows FE simulations of cutting behavior around a square-shape pore at

two different depths of cuts (a). In this case, the pore is 5 times bigger than the tool edge radius
(r). When the tool tip feeds toward an edge of a pore at extremely small undeformed chip
thickness (Figure 5-32a), the tool-induced high pressure pushes the chip to reach the other side
of the pore where interfacial welding phenomenon occurs, which agrees with the experimental
results (Figure 5-29b2 and c2). The torn chip accelerates the process entering chip into pores
and welding phenomenon. At higher undeformed chip thickness, however, welding
phenomenon does not occur due to the fact that chip generated is more uniform and stress is
not concentrated compared to low undeformed chip thickness, thus pores remain open, as
shown in Figure 5-32b. The welding phenomenon occurring in cutting porous titanium may
justify the reason why there is no significant difference in cutting forces between pure titanium

and porous titanium at extremely fine undeformed chip thickness (Figure 5-4).
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Figure 5-32: FE simulations of cutting behavior near pores at (a) a=r and (b) a=2r

5.2.7 Coolant effects

Figure 5-33 shows the results of cutting force measurements during machining of both
pure titanium and porous titanium in wet cutting using coolant. Compared with dry cutting

(Figure 5-4), wet cutting decreases cutting force slightly.

The use of coolant might have two double-face effects on cutting force. One is the
lubrication effect, i.e., the coolant can penetrate the pores and lubricate both the tool-workpiece

interface and the shear deformation zone along the shear plane, and in turn, decreases cutting
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forces. The other is the cooling effect on work hardening, which increases cutting forces.
Large-strain deformation enhances strength and hardness in machining titanium [137]. This
work hardening process will be affected by temperature, so that resulting surface hardness will
change with temperature. Using coolant causes rapid cooling and enhances the work hardening

effect. Figure 5-34 shows a schematic model for coolant effects on cutting process.
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Figure 5-33: Cutting forces of pure titanium (Ti) and porous titanium (PT1i) in wet condition at depth of cut (a) 5
pm and (b) 15 pm
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particles.

Figure 5-34: Schematic illustration of coolant effects

Table 5-3 shows the results of micro Vickers hardness for the machined surface of pure
titanium at different depths of cuts. The results show that cutting process at low undeformed
chip thickness has great influences on the subsurface microstructure of workpiece. As shown
in Figure 5-27b, decreasing depth of cut will increase residual stress on a machined surface. As
shown in Table 5-3, the Vickers hardness exhibits a 15% to 30% increase after machining

compared to that before machining.

Table 5-3: Vicker hardness (HV) of machined surface

A
N 1 pm/rev 10 pm/rev 50 pm/rev 100 pm/rev

Ti-Dry 173.1 181.1 181.2 189.4

Ti-Coolant 175.8 191.1 197.2 191.1
15 um

Increase% 1.6 5.5 8.8 0.9

Ti-Dry 182.2 192 185.3 189.1

Ti-Coolant 183.4 193.5 192.9 190.9
5 um

Increase% 0.7 0.8 4.1 1.0

In addition, the results demonstrate that up to 8.8% increase in surface hardness occurs
after wet machining. This phenomenon might be explained by the effect of coolant on cooling
rate of the machined surface. Kitagawa et al. (1997) recorded a temperature between 800 to

900°C in cutting area during continuous cutting of titanium alloys at a cutting speed of 50
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m/min. After tool passes, the coolant penetrates the fresh surface and increases the cooling rate

that may increases surface hardness.

5.2.8 Tool wear and material adhesion

Figure 5-35 shows SEM micrographs of the tool after cutting of titanium for a cutting
distance of 75 m and 250 m. The /uq was changed from 99 nm to 12331 nm during this cutting
distance, 96% of the cutting distance was performed at a maximum undeformed chip thickness
of less than 500 nm. As shown in Figure 5-35a, after just 75 m cutting, chips were welded to
the tool rake face. In nanometer-scale ultraprecision machining, pressure significantly
increases compared to traditional machining, which promotes material adhesion on the tool.
As the cutting distance increases (Figure 5-35b), both the rake and flank faces are covered by
titanium adhesion, although the appearances of adhesion are different. At the same time, built-
up edges are found on the rake face side. Small flank wear lands and a few micro chippings are
also observed around the tool edge. As tool wear increases, tool edge geometry will change,

leading to change in chip morphology, as shown in Figure 5-13.

Figure 5-35b1 further shows that the width of flank wear land increases from the right
side to left side. As shown in Figure 5-10, the left side of tool corresponds to the small
undeformed chip thickness area (“I” in Figure 5-10), where flank face wear is significant. For
the right side corresponding to “II” in Figure 5-10, material adhesion on rake face is more
significant. With increasing tool wear, the tool-workpiece contact area is increased due to
reduced clearance angle, which creates more rubbing of the workpiece surface [52]. The built-
up layer that is formed on the tool flank face can push the tool off from its original route to

increase the surface roughness [139].
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Figure 5-35: SEM micrographs of tool after a cutting distance of (al~3) 75 m and (b1~3) 250 m

Figure 5-36 is the SEM micrographs of the tool edges after cutting of porous titanium
for a cutting distance of 100 m. As shown in Figure 5-36a, material adhesion on tool face in
porous titanium cutting is lower than those in pure titanium cutting. This might be due to the
lower density of porous structure and the lower contact pressure at the tool-workpiece interface.
Using a coolant helps to lubricate the interfaces between rake face and chips, flank face and
machined surface, and thus decreases the quantity of material adhesion on these tool faces, as
shown in Figure 5-36b. Nevertheless, the coolant cannot penetrate into the tool tip region
during the cutting process due to the high cutting speed, thus the material adhesion near the

cutting edge (tool tip) is almost the same.
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Figure 5-36: SEM micrographs of tool tip in cutting of porous titanium for a cutting distance of 100 m at (a) dry
(b) wet conditions

In order to investigate tool wear characteristics in porous titanium cutting, the tools
were observed for different cutting distances. Before observation, in addition to washing in
alcohol, tools were cleaned using an ultrasonic cleaning with acetone to remove any adhering

debris.

As shown in Figure 5-37a, a micro chipping was observed after a cutting distance of 1
km in dry cutting. The cutting distance for micro chipping occurrence is longer than that of
pure titanium cutting in the same condition (Figure 5-35b). Next, experimental tests were
repeated in a wet condition by applying the coolant. Observations showed that material

adhesion on tool faces sharply decreased compared to dry cutting (Figure 5-37b).

112



Figure 5-37: SEM micrographs of tool tip in cutting of porous titanium for a ctting distance of 1 km at (a) dry
(b) wet conditions

As cutting distance increases to 2 km (Figure 5-38), the process of forming built-up-
edge led to extensive micro chippings and premature failure of the tool. That means the more
pores were closed due to higher pressure induced by the dull tool tip during the cutting process.

Moreover, the debris adhesion also increased.

Fhmk face Micro-chipping " Built-up edge Micro-chipping

Figure 5-38: SEM micrographs of tool tip in cutting of porous titanium for a cutting distance of 2 km at dry
condition
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The results demonstrate that the tool wear in nanometer-scale cutting is concentrated to
tool edge, which is different from micrometer-scale cutting where flank wear land and crater

wear on rake face are dominant [66,140,141].

Yang and Richard [40] indicated the high stress generated in machining titanium is one
of the main reasons for the rapid wear of tools. Zlatin and Field [142] have found that titanium
chips have a strong tendency to weld to the cutting edge, particularly after the tool starts to
wear. A localized region of high pressure at the tool-workpiece interface also increases the
reactivity of titanium. The wear of a diamond tool is attributed to graphitization of diamond
[46,55,143,144]. Qian et al. [145] proved that contact pressure is an important parameter for
diamond-graphite transformation. Liu et al. [146] reported that TiC synthesis occurs when

titanium and graphite are interacted under high temperature and pressure.

5.3 Conclusions

The mechanism of cutting and surface integrity in the ultraprecision diamond turning
of both pure and porous titanium were investigated by both experiments and FE simulation

under various conditions. The following conclusions were obtained:

(1) There are remarkable changes in shear angle (around 90% decrease) and specific
cutting force (about 300% increase) as undeformed chip thickness decreases from the

micrometer scale to the nanometer scale.

(2)  Asunformed chip thickness decreases down to a critical value (~100 nm), chip edge
tearing becomes significant. The ratio of chip tearing shows the same trend as the

specific cutting force.

(3) At an extremely small undeformed chip thickness, tool feed marks is no longer a
major factor of surface roughness. Instead, material plucking from workpiece surface,
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(4)

()

(6)

(7)

(8)

©)

debris, scratches and chip adhesion become important factors. Chip tearing is the main

reason for debris generation and chip adhesion.

The Vickers hardness of workpiece surface exhibits a 15% to 30% increase after

machining compared to that before machining.

The presence of pores significantly changes mechanism of cutting in porous titanium
compared to pure titanium. The chip morphology and surface topography depend on

pore size and location.

At an extremely small undeformed chip thickness, pores smaller than undeformed
chip thickness will be closed due to the shear deformation inside chips, while larger
pores cause segmentation of chips and protruding lamella. Pores also act as sources

for chip tearing and crack propagation.

As undeformed chip thickness decreases, most pores will be closed on the machined
surface due to the welding phenomenon, leading to an average porosity drop from
~30% to 1%. Larger pores, however, will remain open on machined surface at a larger

undeformed chip thickness.

The use of coolant has two double-face effects on cutting force. Coolant penetrates
the pores and lubricates the tool-workpiece interface and the shear deformation, and
in turn, decreases cutting forces. Using coolant also causes rapid cooling, enhances

the work hardening effect and increase machined surface hardness.

Flank wear, micro chipping and material adhesion on tool surfaces are significant
when cutting distance increases, and the significance of each depends on the position
on the tool edge. Tool wear in cutting porous titanium is suppressed compared with

that of pure titanium, especially in wet cutting.
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Chapter 6 : General modelling

6.1 Introduction

Three types of porous materials have been investigated in this study to cover two
different material removal mechanisms in the porous materials machining process. Although it
is difficult to present a general model for machining of all porous materials due to feature
diversity, cutting mechanisms and surface integrity can be classified based on two main factors;
base-material properties of porous structure and pore characteristics. The next step is selecting

the optimal level of machining parameters with respect to these porous material characteristics.

In this chapter, first, the effects of base-material properties and the pore characteristics
on the cutting mechanism of porous structure are discussed. Afterwards, cutting parameters
have been considered to find their impacts on final product quality. Finally, the optimal

condition to achieve the high quality of machined surface has been discussed.

6.2 Porous material characteristics

6.2.1 Base-material properties

It is not easy to define the material machinability without the help of the original
material’s properties. The property of a material governs the ease or difficulty with which a
material can be machined using a cutting tool. Machinability can be defined based on three
factors including tool life, cutting energy and machined surface quality each of which is
strongly dependent on workpiece material’s properties. Materials with good machinability

require little power to remove material, easily obtain a good finish and do not cause tool wear
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[147—-151]. The most influential properties of the material in machinability are hardness, yield

strength, toughness and thermal conductivity.

Hardness is closely related to strength. It is the ability of a material to resist a localized
deformation from indentation, scratching, penetration bending, abrasion, and wear. A harder
material is thought to be less machinable. Low hardness values make a material easier to

machining. However, low hardness is a disadvantage if it is associated with high ductility.

Yield strength is defined as the stress at which a material begins to deform plastically.
The high yield strength of the material gives an indication to poor machinability due to the rise

of the specific cutting energy and, hence, cutting forces and power consumption.

The capacity of a material to absorb energy without fracture is called toughness.
Fracture is a separation of an object or a material into two, or more, pieces under the action of
stress which is an indicator of the stress amount required to propagate preexisting defects as

there is no perfect material in nature.

Temperature rises at the tool-work interface, varied with the thermal conductivity of
the work material and is directly affecting the cutting tool performance. Temperature
distribution at the tool-work interface is determined by changes in microhardness or

microstructure in the heat-affected regions of work material.

Table 6-1 shows the properties of three base-materials of porous structures used in this
research work. The wide gap between mechanical properties such as fracture toughness and
hardness causes base-materials to be categorized into two main sections: brittle porous
materials including porous carbon and porous silicon and ductile porous materials including

porous titanium.

118



Table 6-1: Material properties of porous materials workpieces

Hardness  Yield strength (tensile)  Fracture toughness ~ Thermal conductivity

(MPa) (MPa) (MPavm) (W/m.°C)
Silicon 13000 5900 1.28 159
Carbon 300 150 2.4 114
Titanium 1422 300 80 14

As mentioned earlier, decreasing cutting scale to the nanometer level leads brittle
materials like silicon to be cut in ductile mode because of hydrostatic pressure existing in the
vicinity of cutting edge. In the case of single crystal silicon, it is generally accepted that a
structural change from diamond cubic (Si-I) to a metallic state B-Sn (Si-II) occurs under this
high hydrostatic pressure. The material around the tool cutting edge would then become ductile
enough to sustain plastic flow. In contrast, in ductile materials like titanium ductile cutting
mode occurs in a wide range of micro to nanometers level based on an intense shear generated
between the tool tip engaged in the material and the workpiece. This strain in the chip is
confined to narrow bands between the segments called shear zone with very little deformation
within these segments. Figure 6-1a shows the mechanism of deformation in silicon where high-
pressure area exists around cutting edge compared to Figure 6-1b in which deformation takes

place in a shear zone in titanium cutting.

Brittle materials are very sensitive to tensile stress due to the fact that tensile stress
produces microcracks. Tensile stress is the main reason why brittle materials are cut in a brittle
mode. Consequently, the selection of failure criteria for brittle materials is also different from
those of ductile materials. The original Mohr hypothesis, constructed with tensile, compression,
and torsion tests, with a curved failure locus, is presented as the best hypothesis for brittle

materials. However, the difficulty of applying it without a computer leads engineers to choose
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modifications namely, Coulomb Mohr or modified Mohr [152]. All these fracture hypotheses

show that brittle materials are more sensitive to tensile stress.

Unlike brittle materials, there is not a significant difference between yield compressive
and tensile stress in ductile materials. As a result, they are not sensitive to tensile stress as brittle
materials. For ductile behavior, the preferred criterion is the distortion-energy theory, although
some designers also apply the maximum-shear-stress theory because of its simplicity and

conservative nature.
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Figure 6-1: Mechanisms of cutting in (a) brittle and (b) ductile materials (a=2r)

The difference between brittle and ductile materials can be more significant when it
comes to porous structure workpieces. In case of a brittle porous material, hydrostatic pressure
state which is an essential for cutting brittle materials in ductile mode cannot be maintained

around a pore resulting in brittle fracture around pore edges (Figure 6-2a). As the tool reaches
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the pore edge a very large tensile stress area is formed beneath the tool tip and extending
towards the pore (Figure 4-16a). This kind of tensile stress induces a microcrack propagation
and results in brittle fractures. In contrast, high level of plastic deformation in materials with
high toughness (ductile materials) shows different behavior on pore edge as shown in

Figure 6-2b.
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Figure 6-2: Mechanisms of cutting on pore edge in (a) brittle and (b) ductile materials (a=2r)

The comparison between the principal force of brittle materials and ductile materials
also shows a difference due to their mechanical properties. As shown in Figure 6-3 the principal
force required to cut pure titanium is more than 3 times than that of silicon at the almost same
undeformed chip thickness: notwithstanding, silicon has higher hardness compared to pure
titanium. These results indicate that the fracture toughness significantly influences cutting
energy in the machining process. It should be mentioned that in this experiment silicon was cut

in partially brittle mode.
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However, the notable difference is a wide gap between forces in porous structures
compared to those of dense structures in both ductile and brittle materials. The porosity
percentage of both porous titanium and porous silicon is about 30% which reduces the effective
volume of deformed material, thus what was expected that there might be a 30% decrease in
forces in both cases. Nevertheless, this reduction is only 23% in porous titanium, while there
is a sharp decrease of 72% in porous silicon compared to pure titanium and silicon respectively.
The lower reduction in principal force in porous titanium can be justified based on welding
phenomenon which occurs in ductile materials. Whereas, it is presumable that the significant
reduction of principal force in porous silicon cutting was caused by high level of brittle
fractures occurring all over machined surface due to the presence of the pores because the

brittle material removal results in lower cutting forces.
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Figure 6-3: Principal force comparison in ductile and brittle workpiece cutting

6.2.2 Pore characteristics

Another factor that should be taken into account in the investigation of porous structure
cutting is pore characteristics. Pore characteristics can be divided into three main parameters:

pore size, pore shape, and pore location (distribution).
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Generally, decreasing pore size increases the chance of the pore being closed during
machining. This is more significant when machining of ductile materials because of high
plastic deformation existing during the machining of this materials. The smaller pores will be
closed owing to the plastic flow as shown in Figure 6-4a. On the other hand, in brittle porous
materials, the length of the free edge (pore edge) on the workpiece surface is more important
because increasing free edge increases the brittle fracture area on the machined surface that

increases surface roughness in brittle porous structure.

Moreover, the ratio of average pore size to undeformed chip thickness also plays
important role in chip formation and machined surface topography. As undeformed chip
thickness decreases to the nanometer scale (7x,,=99 nm), the ratio of pores bigger than
undeformed chip thickness increases. As a result, the effect of pores on chip formation has
become more significant and chip tearing in porous ductile material cutting are more obvious
compared to those of dense material cutting (Figure 5-21). Increasing the chip tearing in the

cutting process has a notable impact on machined surface topography at extremely small /.
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Figure 6-4: Pore size effects on cutting deformation ((al) and (a2)) small pore and ((b1) and (b2)) big pore

Although most porous materials are produced through powder metallurgy or methods

where pore shape is random and undefined, some porous materials like porous silicon
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fabricated by anodic oxidation of single-crystal silicon wafers have pores with same defined
pattern and shape. The mechanism of material removal is strongly dependent on the direction
of cutting with respect to the pore edge orientation in brittle porous materials such as porous
silicon. The shapes and position of edges to the cutting direction have a significant impact on
brittle fracture on those edges. In general, it can be said that there are three types of material
removal behaviors in various areas around a pore: severely fractured area, slightly fractured

area, and ductile-cut area.

Figure 6-5 shows the schematic illustration of four areas of pore edges at triangular,
circle and rectangular-shape pores. In cutting direction condition, indicated by “A” in all three
shapes, the areas indicated by “I”” are cut in severe brittle mode, the areas indicated by “II” and
“III” are cut in partially brittle mode and the areas indicated by “IV” are cut in ductile mode at

fine undeformed chip thickness, but the magnitude of different modes are depended on shape.

Although in some shape like circle pore the cutting direction is not important, in
triangular and rectangular shape pore cutting direction is a significant factor e.g. changing

cutting direction from “A” to “B” can change the magnitude of cutting mode in four areas.
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Figure 6-5: Pore shape effects on cutting deformation
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The third important pore characteristic is pore location. The chip morphology and
surface topography are influenced by pore location. The location of pores toward undeformed
chip area may lead to an opening on the chip surface or machined surface or both. For example,
the pore near the uncut workpiece surface remains as an opening on the chip surface; while for
the deeper pore located between undeformed chip and machined surface, the bottom part
remains on machined surface leading to an open cavity on the surface, and the top part causes
an opening on the back side of the chip. Nevertheless, due to the nature of porous materials

fabricated through powder metallurgys, it is difficult to control this parameter.

6.3 Cutting parameters and conditions

In a machining operation of porous materials, it is an important task to select cutting
parameters with respect to workpiece properties for securing a high quality of the product.
Usually, there are lots of handbooks that can be used to determine the desired cutting
parameters for bulk materials, however, there is no reference and handbook for machining of
porous materials. To select the cutting parameters properly, the porous materials characteristics
should be considered simultaneously. Three cutting parameters including feed rate, depth of
cut, cutting speed and tool nose radius play a remarkable role in cutting mechanism in face
turning process. In addition, machining in dry or wet condition and the use of infiltrant can

change the quality of machined surface depended on porous material properties.

Unlike conventional machining in which depth of cut, feed rate, and tool nose radius
can be considered individually, in ultraprecision machining, the combination of these three
parameters leads to a unique undeformed chip profile in which maximum undeformed chip
thickness (Amqx) 1S an important parameter to evaluate the cutting performance (Eq. (2)). With
decreasing the both of feed rate and depth of cut, /max decreases having different impacts on

the mechanism of cutting respecting base-material properties of workpiece e.g. in brittle porous
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materials fine undeformed chip thickness causes the workpiece to be cut in a ductile mode
which improves the flatness of product. In contrast, in ductile porous material as undeformed
chip thickness decreases, most pores will be closed on the machined surface due to high plastic
flow and chip tearing phenomenon. The effects of cutting speed on machining process can be
discussed based on its influence on temperature produced during the cutting process. Although
increasing temperature can have desired impact on the ductile cutting mode in a brittle material,
it may increase plastic flow in a ductile material cutting which is undesirable in this cutting
scale. In such a case, utilizing coolant during the process can decrease temperature effects on

the cutting mechanism.

Moreover, although, decreasing undeformed chip thickness improves the machined
surface of porous brittle materials, chips entering into pores during process remains a big
problem to produce a machined surface with high porosity percentage. In such a case, using
wax as infiltrant not only prevents chips from entering pores but also shows significant

improvement in surface quality in terms of decreasing brittle fractures.

6.4 Conclusions

Regarding the aforementioned parameters, porous materials can be categorized based
on base-material property or pore characteristics into different subsections. Figure 6-6 shows
the flowchart of subsections. Therefore, in the investigation of material removal mechanism
and surface integrity in the porous material workpiece, all these parameters might be
considered. Accordingly, the challenges ahead and the strategy toward improving machining

process in these materials are also different.

In brittle porous materials cutting, the main challenge is brittle fracture around pores as

well as filling pores during machining by chips. There are two methods to decrease brittle
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fracture around pore in brittle structures: First, decreasing undeformed chip thickness to less
than the critical value, and second using infiltrant such as wax that prevents chips from getting
into pores, and helps to resist hydrostatic pressure around the pore to some extent, preventing
the propagation of cracks. In the porous silicon case, controlling /. under 25 nm and using
wax as infiltrant, the high level of flatness (10 nm) with high level opened pores (~100%

opened pores) can be achieved.
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Figure 6-6: Flowchart of porous material categories
In ductile porous material cutting, the main challenge is the high level of plastic
deformation leading the pores to be closed during machining. The cutting of ductile porous
materials in nanometer scale not only increases the plastic deformation resulting in a sharp
decrease in porosity percentage but also degrades surface roughness because of chip tearing

phenomenon. Therefore, the machining parameters specially undeformed chip thickness
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should be controlled within micrometer scale (depending on material properties) to achieve
desired surface roughness and porosity percentage. In the porous titanium case, depending on
desirable quality; the level of opened pores or surface flatness, /n.x can be ranged from a
thousand micrometers to just a micrometer. As there is an inverse relationship between flatness
and machined surface porosity percentage, applying coolant and decreasing cutting speed can
be helpful to decrease plastic flow during the cutting process. The results of porous titanium
cutting show that the high level of opened pores can be achieved at about /me= 12 pm in dry

cutting condition.

In pore characteristic factors, although it is difficult to control pore location, the choice
of an appropriate pore shape and simultaneously cutting direction have a significant influence
on brittle fracture level on machined surface and as result surface roughness, e.g. using
direction indicated by “B” in triangular shape can decrease overall fracture area around pore.
However, further research work is required to be carried out in pore characteristic parameters
to find optimum condition. Figure 6-7 shows a guideline flowchart to select proper machining

conditions in diamond turning of porous materials with different properties.
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CHAPTER 7

Conclusion



Chapter 7 . Conclusions and future work

7.1 Conclusions

This research work attempts to present a comprehensive investigation on ultraprecision
machining of a new class of engineering materials called porous materials. Three types of
porous materials were selected based on different characteristics they exhibit during the cutting
process. The mechanism of cutting and surface integrity in the ultraprecision diamond turning
of porous materials compared to dense materials were studied by both experiments and FE
simulation under various conditions. Based on the results presented in this thesis, the main

conclusions and achievements are detailed below.

The mechanism of porous materials cutting is significantly different from those of
dense materials due to the existence of pores. These differences can be seen in cutting force

characteristics, chip morphology and machined surface topography.

The greatest challenge of ductile porous material cutting is the high level of plastic
deformation leading the pores to be closed during machining, while, brittle fracture around
pores, filled pores by chips, and grain rotation are main problems in brittle and hard porous

material cutting. Thus, the strategy to address the challenges should be different.

The role undeformed chip thickness plays on material removal mechanism of both
brittle and ductile porous materials was presented. The results showed that by controlling this
parameter and in some cases using infiltrant, the desired machined surface with open pores

were achievable.

Unlike brittle porous materials, decreasing cutting scale to nanometer level when
cutting ductile porous materials can degrade surface quality due to chip tearing phenomenon

which is the main reason for debris generation and chip adhesion. In addition, the cutting
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process at low undeformed chip thickness has great influences on the subsurface microstructure
of workpiece. This subsurface layer characteristics can be changed by applying coolant during

the cutting process.

Tool wear characteristics in the cutting of porous materials are dependent on
mechanical properties of base-material of the porous structure and significantly different from

those of dense materials.

7.2 Future work

Research towards machining of porous materials has just begun, and it will most likely
take some time before a comprehensive understanding about machining of this class of
materials emerges. Several recommendations are proposed for the future work of machining

of porous materials. The recommendations are as follows:

An important step can be to evaluate the applicability of findings from the present study
to machining of other porous materials e.g. investigating undeformed chip thickness effects for
a variety of porosities and pore sizes of porous materials with different base-material properties
in which either high surface porosity or low surface roughness is a major concern. The next
step would be developing new methods and techniques to maintain surface porosity of
machined surface during machining process and enhancing surface quality e.g. using different
infiltrant with various hardness. While in this work the subsurface microstructure changes
induced by machining process in both brittle and ductile porous materials have been studied
and documented, relatively little work has been done to assess all changes taken place in
mechanical properties of machined surfaces. Commonly used characterization techniques such
as XRD residual stress measurement and phase transformation provide some insight into the

difference between the machined surfaces and subsurface compared to those of dense materials.
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