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Abstract
Diamond machining is an important method for the manufacturing of high precision
components with excellent surface finish and high form accuracy. There are limitations
in this method for machining such as single crystal silicon and oxygen-free high
conductivity (OFHC) copper which are often used in many cases. In this research, two
aspects of using laser to assist machining were investigated. Firstly, a hybrid machining
method combining laser grooving and diamond shaping was proposed which aimed at
machining silicon lenticular lens mold inserts. An exploratory study on the use of a
diamond tool to perform the final shaping of a silicon groove roughly cut by laser was
performed. Secondly, the formation of surface defects of OFHC copper in the diamond
cutting process was investigated and laser heating was introduced in the cutting process
to investigate its influence on the cutting performance of OFHC copper.

In machining silicon, cracks are easily formed on the machined workpiece surface when
the cutting depth is larger than the critical depth of cut which is far less than 1 µm, so
machining microstructures with large feature sizes such as lenticular lens mold inserts
is time consuming as well as costly. In this research, a hybrid machining method to
fabricate silicon lenticular lens mold inserts by combining laser grooving with diamond
shaping was proposed. Firstly, laser micro-machining equipment was developed and
used to perform laser grooving experiments on silicon workpiece. The influence of the
laser parameters, including laser power, laser scan speed and defocus depth on the laser
ii

grooving depth was investigated. Grooves were then generated on the silicon workpiece
surface with a designed profile shape. Secondly, diamond cutting of laser generated
grooves was conducted to investigate the influence of finish cutting depth on the surface
quality of grooves produced by this hybrid method. The experimental results indicated
that by reducing the finish cutting depth, the surface quality of the machined grooves
could be improved. When the finish cutting depth was 4 μm, the surface roughness was
644 nm, and was reduced to 126 nm when the finish cutting depth was 0.2 μm. This
preliminary result shows that it is possible to use this method to fabricate silicon
lenticular lens mold inserts, however the surface quality still needs to be further
improved to fulfill the requirements of a commercial product.

Due to the high thermal conductivity and high purity of OFHC copper, it is an ideal
material to use for making high power laser mirrors, which require high quality defectfree surfaces to make sure a high laser damage threshold could be achieved. While the
cutting performance of OFHC copper in ultra-precision machining is sensitive to the
machining parameters. The machined surface quality of OFHC copper deteriorates
rapidly with increasing cutting depth. In this research, the second part of our work was
to investigate the influence of laser heating on the cutting performance of OFHC copper
in the diamond cutting process. Firstly, the formation of surface delamination, which
caused the machined surface roughness of OFHC copper to increase, was investigated
by using taper cutting experiments and the finite element method (FEM). It was
iii

suspected that the formation of surface defects in OFHC copper was influenced by the
stress and strain conditions of the workpiece material in the cutting region during the
diamond cutting process. Diamond cutting experiments assisted with laser heating were
undertaken to investigate the influence of laser power on the cutting performance of
OFHC copper. It was found that the use of laser heating was beneficial for the
suppression of the surface delamination of OFHC copper at large depth of cut in the
diamond cutting process, and led to an improvement in the quality of the machined
surface. This research is helpful in enhancing our understanding on the formation of
surface defects of OFHC copper in the diamond cutting process and is also useful in
designing suitable experimental parameters in the manufacturing practice in order to
achieve good surface quality in the diamond cutting of OFHC copper.
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Chapter 1 Introduction
1.1 Background and motivation of the research

Diamond machining is an important method in manufacturing high precision
components used in many areas, such as optical components and injection mold inserts.
However, there are technical or economic restrictions on the use of single point
diamond cutting tools such as in machining brittle materials or when a larger depth of
cut is required. In this study, laser is used to assist machining in the single point diamond
machining process. There are two parts of this study. Part 1 is an exploratory study on
the use of diamond tools to perform the final shaping of a silicon groove roughly cut by
a laser. The groove is first formed by laser machining and then followed by fine shaping
with a diamond tool. In Part 2, the focus is on investigating the relationship between
the depth of cut and the generation of defects of oxygen-free high conductivity (OFHC)
copper at large depth of cut. The work concerns on the performance of laser heating on
the reduction in surface defects in the diamond cutting of OFHC copper.

The lenticular lens is the key component of a commonly used autostereoscopic 3DLCD display. A schematic diagram of a lenticular lens is shown in Figure 1.1.
Conventionally, the lenticular lens is made of plastic using the injection molding
method. However, the reliability and image quality of this kind of 3D-LCD display is
1

low, because the thermal expansion between lenticular lens and the LCD panel is
different and causes location shift between them (Hiroshi et al., 2011). Lenticular lenses
made of glass are therefore needed for high quality large 3D-LCD panels. Precision
glass molding is a very promising method in the large-scale industrial production of
lenticular lenses. The economic fabrication of the mold is crucial to lower the
production cost.

Figure 1.1 Schematic diagram of lenticular lens array

In the precision glass molding process, silicon is often used as the mold material due to
the available processing methods and high thermal stability which brings about fast
heating and cooling (Franssila, 2010). However, it is difficult to machine silicon due to
its brittle nature. Cracks are easily formed on the machined surface in the diamond
cutting of single crystal silicon. In order to suppress the formation of cracks, the depth
of cut should be confined to a very small value. This value, which known as the critical
depth of cut, is normally far less than 1μm for single crystal silicon (Fang et al., 2011).
2

This limits the efficiency of the diamond machining process. For the lenticular lenses
that are used in commercial products, the value of f (shown in Figure 1.1) is normally
in the range of tens of micrometers (Yeh et al., 2012). That means machining silicon
mold inserts using the conventional method is very time consuming. In this research,
we proposed a hybrid machining method to fabricate silicon lenticular lens mold inserts
by combining laser grooving with diamond shaping. A feasibility study was conducted,
and the experimental results show that it is possible to use this method to fabricate
silicon lenticular lens mold inserts.

The second part of our research was to investigate the influence of laser heating on the
cutting performance of OFHC copper in the diamond cutting process. Laser assisted
machining (LAM) as a machining method uses a laser beam with high power density
to heat the material in front of the cutting tool, and then remove the heated area using a
conventional cutting tool when the temperature of this heated area reaches a desirable
range. The cutting force and tool wear can be reduced while machining difficult-tomachine materials using the LAM method (Masood et al., 2011). Figure 1.2 shows the
schematic diagram of a conventional laser assisted turning system (Abdulghani et al.,
2013). In this system, the cylindrical workpiece is mounted on a rotational spindle, the
laser beam is focused on the side surface of the workpiece, and the heated material is
subsequently removed by a conventional cutting tool.
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In recent years, a lot of work has been done in this area, but most studies focused on
the conventional machining process resulting in low machining accuracy. Little
research has been conducted in the ultra-precision machining process. This research
was one of the pilot studies to investigate the laser heating effect on cutting performance
in the diamond cutting process.

Figure 1.2 Schematic diagram of a conventional laser assisted turning system

OFHC copper is widely used in high power laser reflectors because of its superior
electric and thermal conductivity which leads to a high laser damage threshold (Zhang
and Zhang, 1997). Normally, OFHC copper is considered as a diamond machinable
material. However, in the diamond cutting of OFHC copper process, the surface quality
deteriorated rapidly with increasing depth of cut due to the formation of surface defects
(Brinksmeier and Schmütz, 1997). This research investigated the reasons for the
4

formation of surface defects on OFHC copper in the diamond cutting process. To further
understand the formation of these surface defects, laser heating was adopted during the
diamond cutting process to investigate its influence on the improvement of the surface
quality of OFHC copper at large depth of cut.

1.2 Research objectives

In this research, two aspects of using laser to assist machining were undertaken. Firstly,
a hybrid machining process combining laser grooving and diamond shaping was
proposed to fabricate lenticular lens mold inserts in order to improve machining
efficiency as well as reduce tool wear. Secondly, laser heating was adopted in the
diamond cutting of OFHC copper to investigate its influence of the cutting performance
in the ultra-precision machining process. The main research objectives are:
1) To design and set up experimental facilities for laser micro-machining and laser
assisted machining on a diamond turning machine.
2) To develop a hybrid machining process to machine lenticular lens mold inserts made
of single crystal silicon. Firstly, laser grooving experiments were conducted to
investigate the relationship between the laser parameters and the grooving depth.
Secondly, diamond shaping was conducted on laser grooved silicon surfaces to
investigate the influence of machining parameters on the surface quality of the
grooves generated by this hybrid method.
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3) To investigate the influence of laser heating on the cutting performance of OFHC
copper in the diamond cutting process. Firstly, the formation of surface defects of
OFHC copper in the diamond cutting process at different depth of cut, without laser
heating, was investigated. Secondly, laser heating was adopted in the diamond
cutting of OFHC copper to investigate its influence on the improvement of surface
quality.

1.3 Organization of the thesis

This thesis consists of six chapters. The main content of each chapter is described below.
Chapter 1 is the introduction part. The background and motivation of this research are
described and, research objectives are also proposed.
Chapter 2 is the literature review. A brief review of related knowledge and the state of
the art in ultra-precision machining, and the laser assisted machining area are presented
in this chapter.
Chapter 3 describes the process of establishing the experimental facilities, including
designing and testing of the equipment.
Chapter 4 describes the hybrid machining process in machining lenticular lens mold
inserts that combines laser grooving and diamond shaping. Laser grooving experiments
and the subsequent diamond shaping process are presented in this chapter.

6

Chapter 5 presents the experimental work on laser assisted diamond cutting of OFHC
copper. The reasons for the formation of surface defects and the effect of laser heating
in the diamond cutting of OFHC copper are discussed in this chapter.
Chapter 6 is the conclusion part. The conclusions derived from this research are
summarized, and suggestions for future work are given.

7

Chapter 2 Literature review
2.1 Ultra-precision diamond cutting

2.1.1

Introduction

Diamond cutting is an ultra-precision machining method for the fabrication of surfaces
and microstructures with excellent quality and performance (Zhang et al., 2015). The
diamond cutting process can produce mirror like surfaces with surface roughness less
than ten nanometers and form accuracy in the order of 0.1 μm (Davies et al., 2003). In
the diamond cutting process, the cutting tool is fixed to a motion platform with several
axes. The removal of material is realized by the relative motion between the rotated
workpiece and the fixed diamond tool. (Brinksmeier et al., 2012).

Figure 2.1 The magnification of core component of diamond cutting machine
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Figure 2.1 shows an actual picture of the core component of an ultra-precision diamond
cutting machine. With the development of machining technology and machine tools,
diamond cutting is now a highly reliable material processing method and can achieve
extremely fine surface finish and high form accuracy on various of materials, such as
some kinds of copper alloys, aluminum alloys, PMMA and precious metals
(Brinksmeier et al., 2012). Diamond cutting is mainly used to fabricate components for
advanced applications that require excellent surface finish and minimized form error.
These applications can be found in such industries as aerospace, electronics,
semiconductor and biomedical etc. (Zhang et al., 2014). There are a variety of precision
components that can be fabricated by diamond cutting. Major product components
include optical components like reflectors and lenses, which are mostly machined
directly from the stock material.

Diamond cutting has now been applied to the manufacture of mold inserts for the mass
production of high-quality plastic lenses using injection molding method. Figure 2.2
shows a photograph of an injection mold insert and the injection-molded camera lenses
for mobile phones (Zhang et al., 2014). Figure 2.3 shows the diamond turned aspheric
lenses that are typically used in certain optical systems, such as night vision goggles
and missile guidance systems (Knight Optical Website).

9

Figure 2.2 Mold insert and the injection-molded camera lenses for mobile phones
(Zhang, et al., 2014)

Figure 2.3 Diamond turned aspheric lenses

(http://www.knightoptical.com/stock/optical-components/uvvisniroptics/lenses/aspheric-lenses/diamond-turned-aspheric-lenses/)
10

2.1.2

Diamond tools

Normally, the diamond tools that being used in ultra-precision machining are made of
single crystal diamond. As diamond is anisotropic, its mechanical properties vary
dramatically along different crystallographic planes and orientations, in particular the
corresponding wear resistance is significantly different (Zong et al., 2010). So it is
important to choose the right plane and orientation in order to get a better performance
of the diamond tools when used to cut materials. According to the research work of
Pramanik (2009), the rake face of a diamond tool with a <110> crystal orientation
performs better than that of <100> crystal orientation in terms of wear resistance,
surface finishing, and cutting force.

Figure 2.4 Types of diamond tools with different tool geometries
(http://cloud.taipeitradeshows.com.tw/2013/timtos/Eletter8/cont_p_6_4_1_taiwan.html)
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Due to the exceptional hardness of diamond, there is no way to fabricate diamond tools
using the cutting method. Typically, for a normal shaped diamond tool it is made by
mechanical polishing. For a complex shape or a micrometer and nanometer scale
diamond tool, using a focused ion beam is an effective way to fabricate it (Orloff et al.,
2003). Figure 2.4 shows different types of diamond tools, with different tool geometries,
that are used in ultra-precision diamond cutting machines.

2.1.3

Material removal

As schematically illustrated in Figure 2.5, in the micro and nano cutting process, the
uncut chip thickness a is comparable to the cutter radius r, which is typically the
situation in ultra-precision diamond cutting, the undeformed chip thickness a is no
longer distinguished from the tool edge radius r, compared with conventional
machining. The shear plane model (Ernst et al., 1941) that was established for
conventional machining may not be applicable in diamond cutting process any more,
as this model assumed that the tool has perfect edge sharpness.

In the ultra-precision diamond cutting process, because the undeformed chip thickness
is typically in the order of several micrometers, the size effect cannot be neglected
(Zorev 1966). Size effect is claimed to be attributed to many factors, including
subsurface plastic flow (Nakayama et al., 1968), strain inhomogeneity (Shaw 1980),
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extensive plastic deformation (Moriwaki et al., 1989), material plowing and elastic
recovery (Lucca et al., 1991), and strain gradients (Liu et al., 2006). The tool edge
radius in return has an influence on the cutting force (Masuko 1956), cutting energy
(Bitans et al., 1965), and minimum uncut chip thickness (Ikawa et al., 1991).

Figure 2.5 Schematic of the micro and nano-cutting process

2.1.4

Surface finish

Form accuracy and surface roughness are two main factors that govern the functionality
and performance of many optical components. With the diamond cutting method,
extremely high form accuracy within the sub-micrometer range and low surface
roughness within a few nanometers can now be achieved on many engineering materials,
such as copper and aluminum alloys. In diamond cutting, form accuracy is affected by
many factors, such as machine accuracy, programming accuracy, setup accuracy,
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cutting-edge quality, tool wear, operating temperature, humidity and stability conditions.
On the other hand, the surface roughness is largely dependent on the tool nose radius
and the feed rate, however it is still largely affected by other machining parameters,
such as tool rake angle, tool wear condition, depth of cut, machine dynamics, and
material properties (Zhang et al., 2015). The theoretical surface roughness due to feed
marks is expressed as follows (Vyas et al., 1999):

Rth 
Here,

f r2
8rn

f r denotes the feed rate, and rn denotes the nose radius of the diamond tool.

From this equation, it can be predicted that the surface roughness will be reduced by
increasing the nose radius, but the experimental surface roughness values are usually
several times larger than the theoretical ones. Hence, there are clearly other factors that
affect the surface roughness which are not accounted for in this formula. Taking into
account all those factors might work to some extent, but considering the complexity in
real industrial situations, it is impractical in terms of the time and calculation effort
needed.

The ultra-precision diamond cutting process always induces residual stress onto the
surface and into the subsurface region of the workpiece through surface plastic
deformation. It is governed by factors such as depth of cut, tool geometry, and tool wear
condition. Residual stress is detrimental to the parts produced in terms of fatigue
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strength, corrosion resistance, and form accuracy (Brinksmeier et al., 1982). During
ultra-precision diamond cutting process, the machined surface is deformed plastically
and elastically when the workpiece is subjected to material removal. Due to the tool
edge radius effect, when the chip is formed continuously through plastic deformation,
the machined surface is unavoidably subjected to elastic deformation. After the tool
moves on, the machined surface will recover elastically to the original position. Elastic
recovery is detrimental, as it will cause the formation of burrs and deterioration of the
surface finish (Liu et al., 2007).

2.1.5

Tool wear

The wear conditions of diamond tools have a direct influence on machining
performance during diamond cutting. If the diamond tool is worn, the surface quality
and form accuracy are likely to be worsened, while the cutting force and vibration
during cutting are likely to be higher. For some soft and non-ferrous metals, such as
copper and aluminum, the diamond tool wear develops very slowly and steadily. Highquality surface finish can be achieved even after the continuous cutting of several
hundred kilometers (Zhang et al., 2014). For some hard materials, such as hard alloys
and ferrous metals such as steel, the diamond tool wear rate is very high. Even after a
very short distance of cutting, the diamond tool might wear out.
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Figure 2.6 Comparison of the tool wear condition after machining Al6061 (left) and
St1215 (right) (Lane et al., 2010)

Figure 2.6 shows the tool wear status after a certain length of cut of aluminum 6061
and steel 1215 (Lane et al., 2010). From this picture, it can be clearly seen that even
when the cutting length of steel was only 5 m, its tool wear was much more serious than
the tool used to cut aluminum for a distance of 10 km. It is believed that when cutting
ferrous metals, the tribochemical aspect plays a dominant role, and can be subdivided
into three types: diffusion wear, oxidation, and catalyzed graphitization (Evans et al.,
1991).

2.2 Laser assisted machining (LAM)

2.2.1

Introduction
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LAM has emerged as an alternative machining method that can provide improved
machining performance while machining difficult-to-cut materials, such as hard alloys
and ceramics. LAM uses a high power laser beam to heat the material ahead of the
cutting tool during the cutting process. Most of the hard materials become softer when
they are heated up. Therefore, the cutting force and tool wear during the cutting process
can be reduced. According to the size of the laser spot and the heat affected zone, LAM
can be categorized as macroscale LAM and microscale LAM. For the macroscale LAM,
the laser spot diameter is in the order of several millimeters, while for the microscale
LAM, it is of the order of tens of micrometers.

2.2.2

LAM at the macroscale

LAM at the macroscale has been investigated extensively, and the workpiece materials
were usually hard alloys and ceramics. The most typical application of laser beam
heating in the machining process is laser assisted turning. Figure 2.7 shows the
schematic diagram of a laser assisted turning setup (Amin and Ginta, 2014). In this
diagram, the laser beam is designed to normal to the workpiece surface. The parameters
that can affect the machining process are the laser power density, laser spot diameter,
incident angle, and the distance between the laser beam and cutting tool.
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Figure 2.7 Schematic diagram of laser assisted turning setup

This setup is relatively easy to realize because both the laser equipment and cutting tool
are fixed. However, there are also disadvantages for this configuration, for example, the
heating efficiency is relatively low, therefore, a large power laser is required to achieve
a desirable temperature in the cutting area. Another alternative configuration is to let
the laser beam perpendicular to the cutting plane as illustrated in Figure 2.8 (Sun et al.,
2008). For this setup, the heating efficiency of laser beam is higher than in the previous
one since the heating area of this setup is more confined to the cutting area, and will be
immediately removed by the cutting tool.
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Figure 2.8 An alternative configuration of LAM setup: (a) End view; (b) Side view

Figure 2.9 Illustration of laser assisted milling configuration

Laser assisted milling is a more complex process because the tool is rotating during the
milling process. Generally, for surface milling, the laser beam is located in front of the
milling tool along the feed direction. For laser assisted milling at the macroscale, the
spot size of the laser heated area is normally smaller than the milling tool, which makes
it impossible to have the heated area cover the whole milling area as shown in Figure
2.9 (Sun et al., 2008). Another configuration is just using a line beam with high power
that can cover the milling width (position 4) (Thomas & Vigneau, 1999).
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2.2.3

LAM at the microscale

LAM at the microscale has been used for machining both brittle materials and hard
alloys. Ravindra et al. (2012) used an infrared laser to assist the cutting of brittle
materials at the microscale. They reported that for similar applied loads, the LAM
method could generate greater depth of cut compared with conventional cutting
processes, and the schematic diagram of the equipment used is shown in Figure 2.10.
In this setup, the diameter of the laser beam was around 10 μm, the laser beam
transmitted through an optical fiber and passed through the diamond tool which enabled
the laser beam to irradiate the workpiece material at the tool workpiece interface.

Figure 2.10 Schematic diagram of μ-LAM setup
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Singh et al. (2007) conducted a research to take advantage of the thermal softening
effect induced by laser heating in a micro-grooving process, and developed a two-axis
laser assisted micro-grooving device, as shown in Figure 2.11. They reported that the
reduction of the cutting force could reach 56% when using this setup to cut H13 tool
steel with the assistance of a 35 W fiber laser. Kumar et al. (2011) developed a laser
assisted micro-milling device, as shown in Figure 2.12. They used this setup to perform
a series of micro LAM experiments on A2 tool steel. A maximum of 69% reduction of
cutting force when using a laser to assist milling when compared with conventional
milling processes was reported. They also reported that the amount and rate of tool wear,
as measured by the rounding of the tool corners, were significantly lower with laser
assistance than without laser assistance.

Figure 2.11 Laser assisted micro-grooving setup
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Figure 2.12 Laser assisted micro-milling setup

Despite there being extensive research on the use of lasers to assist in machining
difficult-to-machine materials both in the macroscale and microscale, most of these
research studies took advantage of the thermal softening effect of difficult-to-machine
materials and aimed at reducing the cutting force and tool wear. Few research has taken
the machined surface quality into consideration, which is a key parameter in precision
machining. Further, most previous research focused on hard and brittle materials, and
attention has been rarely paid on the influence of the laser heating effect on some soft
but still unsatisfactory machinability materials such as OFHC copper on the diamond
machining process. OFHC copper is generally considered as a diamond machinable
material with extremely low tool wear rate. However, the machined surface quality of
22

OFHC copper is unsatisfactory at some cutting conditions, especially when the depth
of cut is a little bit high (Brinksmeier et al., 1997). In this research, the influence of
laser heating on the diamond machining of OFHC copper was investigated, to enhance
our understanding of the influence of thermal effects on the machinability change in
soft materials. It can also provide an alternative method for designing suitable
experiment parameters in manufacturing practice in order to enhance both machining
efficiency and machined surface quality in ultra-precision machining.

2.3 Machinability

2.3.1

Introduction

In the area of metal machining, the term “machinability” means the ease or difficulty
with which a material can be machined (Armarego et al., 1969). However,
machinability is not purely an intrinsic property of a material. It is influenced by both
the material properties and machining conditions, and the important factors include
chemical composition, microstructure, mechanical and physical properties of the work
material, machine tool condition, cutting fluid and cutting conditions. All these factors
influence the performance of a machining process as well as the surface roughness of
machined components. Figure 2.13 shows some of the factors that can affect
machinability.
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Figure 2.13 Factors affecting machinability (Stephenson et al., 2016)

Since the machinability of a material is concerned with both the material properties and
cutting conditions, the machinability rating should depend on the test conditions and
parameters chosen to quantify the results. Because there are so many criteria that could
be used to assess the machinability of work material, from different aspects, each
criteria may give different results in assessing the machinability of a work material at
the same cutting condition. For example, work material from same material family may
require similar specific cutting energy to remove the material but may result in different
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tool wear rate due to the different distribution pattern of the abrasive particles in the
matrix. Thus, when using machining power consumption criteria, the materials are
assessed to have similar machinability, while when using tool wear rate criteria, there
would be remarkable differences in machinability. Also, when the cutting condition is
changed, the machinability of the work material assessed by a certain criteria can also
change.

Despite the complex situation in assessing the machinability of work material, there is
always a primary factor that we care about most in industrial machining practice, which
can be used as the main consideration in rating the machinability of work materials. In
many cases, the overall machining cost, which primarily depends on tool wear rate
under certain cutting conditions, is the main concern in manufacturing processes. The
rating of machinability therefore can be achieved by testing the tool life. Other criteria
may also be used in assessing the machinability of work material, and are discussed in
the following section.

2.3.2

Machinability criteria

There are many factors that could be used to assess the machinability of a material at a
given machining condition, and the most commonly accepted ones are as follows (Trent
et al., 2000):

25

(1) Tool life or tool wear rate.
Tool life is defined as the amount of material being removed by a tool, under certain
cutting conditions, before the cutting performance of the tool deteriorates to a
predefined level. Tool life is the most commonly used and also most meaningful
machinability criterion (Groover and Mikell, 1976). Both the machining cost and
machined part surface quality are dramatically influenced by tool wear. When the tool
wear rate under a given machining condition is decreasing, the machinability will
increase. Since the tool wear rate is always associated with the machining conditions,
when the machining condition changes, the tool wear rate will change.

(2) Cutting force or power consumption.
Cutting force is directly related to power consumption or specific cutting energy. There
are mainly two reasons for choosing cutting force or power consumption as a criterion
to assess the machinability of materials. Firstly, in the metal cutting process, cutting
force directly reflects the difficulty of a material to be machined; a low cutting force
corresponding to good machinability. Secondly, from the point of view of machining
cost, a lower cutting force means less energy is required to remove unit volume of
material, which means the overall machining cost should be lower. Though both the
main cutting force and the thrust cutting force could be used in the rating of
machinability, a more popular way is the use of a combination of two force components.
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The advantage of using cutting force or power consumption as an indicator of
machinability is that it is not sensitive to the tool material and is mainly determined by
the workpiece material properties.

(3) Chip formation or chip shapes.
Machinability can be reflected by the shape of the cutting chips formed during the
machining process. Materials that form short chips are more favorable in the machining
process than those that produce long, difficult to break chips or powder like chips.
Machinability rating based on chip shape is quite qualitative and therefore not widely
used.

(4) Machined part surface quality.
The surface quality of a machined part under a given machining condition can also be
used as a criterion to rate machinability. Generally, there is a positive correlation
between the surface quality of machined parts that can be achieved under a given
machining condition and machinability. The most commonly used parameter in
describing surface quality is surface roughness (Ra). However, the rating of
machinability according to surface quality sometimes leads to difficulties in
determining the differences in machinability between different materials under certain
machining conditions. For example, in ultra-precision machining process, the surface
quality of machined copper and brass parts mainly depends on the quality of the
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diamond tool cutting edge and is hardly influenced by the material properties when at
a small depth of cut. Thus, the differences in machinability between copper and brass
using the surface quality criterion cannot be determined.

2.3.3

Machinability of single crystal silicon

Single crystal silicon, also called monocrystalline silicon, is the most important
semiconductor material. The crystal lattice in single crystal silicon is continuous,
unbroken to its edges, so there are no grain boundaries inside the single crystal silicon
solid (Wikipedia: monocrystalline silicon). The crystal structure of single crystal silicon
is shown in Figure 2.14, which is face centered cubic, the same as the structure of a
diamond. Silicon is a brittle material which exhibits low fracture toughness, make it
prone to fracture rather than plastically deform when being machined (Goel et al., 2015).
However, it is still possible to machine single crystal silicon at a fine depth of cut of
less than 1 µm using appropriate machining parameters, and the chips are generated
through plastic deformation instead of fracture. This kind of machining method is called
ductile-regime machining (Goel et al., 2015). There exists a critical value of depth of
cut, when the cutting depth is smaller than this value, there will only be plastic
deformation, otherwise brittle fracture will occur.
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Figure 2.14 The schematic diagram of crystal structure of single crystal silicon
(http://course.bnu.edu.cn/course/ssphysics/html/5netketang/5netketang.htm)

Figure 2.15 Ductile-regime machining model (Blake and Scattergood, 1991)
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Figure 2.15 and Figure 2.16 show the schematic diagram of the brittle-ductile transition
model when using a round nose diamond tool to cut brittle materials (Blake and
Scattergood, 1991). As shown in Figure 2.16, f is feed rate, R is diamond tool nose
radius, tc is critical chip thickness, yc is crack length, and Wd is the horizontal component
of the distance between the tool nose center and the critical chip thickness. In Blake et
al.’s model, they suggested that a smooth surface free from fracture damage is
achievable even with brittle fractures in the cutting area, as long as the brittle fractures
do not reach the final machined surface. The micro cracks in the remaining area of the
uncut shoulder is removed by the diamond tool in the following cutting process, so the
fractures will not affect the final surface (Goel et al., 2015).

Figure 2.16 Schematic diagram of damage fraction propagation during ductile-regime
machining process (Blackley et al., 1991)
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The occurrence of the brittle-ductile transition phenomenon in brittle materials during
the diamond cutting process provides a promising way of using the diamond cutting
method to machine single crystal silicon in a ductile regime which not only improves
the machined surface quality but also increases the machining efficiency. Much
research work has been done on the ductile-regime machining of single crystal silicon
in terms of both experimental study and molecular dynamics simulation. In the diamond
cutting of brittle materials, the critical depth of cut is a very important parameter since
it directly indicates the maximum potential material removal efficiency. One approach
in previous research was in trying to increase the critical depth of cut of single crystal
silicon by modifying its surface structure. According to the work of Fang et al. (Fang
et al., 2011), they achieved a critical depth of cut of 923.566 nm on a modified silicon
surface by fluorine ion implantation compared with that of unmodified silicon of 236
nm. The tool wear during diamond turning of the modified silicon surface was also
reduced. A similar experiment from To et al. (To et al., 2013) also confirmed the
availability of using the hydrogen ion implantation method to improve the
machinability of single crystal silicon. All these experiments revealed that it is possible
to improve the machinability of brittle materials, such as single crystal silicon, by
modifying their surface structures. Since the ion implantation process is costly, its
application is limited. Besides, the effective layer thickness of ion implanted silicon is
typically around several micrometers, at maximum. It is of little help in fabricating
structures with feature size in the range of tens of micrometers which is typically the
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size of lenticular lens. Therefore other methods may need to be developed to fabricate
lenticular lens mold inserts.

2.3.4

Machinability of OFHC copper

Unlike single crystal silicon, which is brittle and easy to crack when machining, OFHC
copper is a soft material that is easy to deform under an applied load. OFHC copper is
generally considered as a diamond machinable material. When machining OFHC
copper with a diamond tool, the tool wear rate is extremely low, and a mirror like
surface can be achieved under well-controlled cutting conditions. However, the
machining performance of OFHC copper is highly sensitive to the cutting parameters
and material microstructure. Ding et al. (2012) investigated the influence of
crystallographic effects on the cutting performance of polycrystalline OFHC copper
using diamond micro-tools. It was found that the machined surface quality, cutting force
and chip formation were highly dependent on the crystal orientation and cutting depth,
as shown in Figure 2.17. The fact that the cutting performance is highly sensitive to
crystal orientation is due to the anisotropic behavior of OFHC copper. Figure2.18 shows
the schematic diagram of the Young’s modulus along different direction of some cubic
structured metals. It can be seen that Young’s modulus of copper is highly anisotropic
in different directions. Because the lattice structure of copper is face-centered cubic
(FCC), the packing densities of atoms differ in different directions, thus its elastic and
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plastic properties are strongly directionally dependent. Brinksmeier and Schmütz (1997)
performed a plunge-cut experiment with a gradually increased depth of cut from 0 to
10 μm. It was found that a smooth surface could be obtained at a depth of cut smaller
than 2 μm. When the depth of cut was larger than 2 μm, the machined surface quality
deteriorated rapidly due to the formation of surface defects in the form of dents and
ripples. Since the formation of these defects was always accompanied with big
fluctuations of cutting force, it was suspected that a high cutting force would induce the
formation of surface defects. With laser assistance, the cutting force can be reduced in
machining process, therefore it would be helpful to suppress the formation of surface
defects of OFHC copper by using laser heating to assist machining in the diamond
cutting process.

Figure 2.17 The influence of grain orientation on chip formation and surface quality
of OFHC copper in diamond cutting process (Ding et al. 2012)
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Figure 2.18 Schematic diagram of the Young’s modulus along different direction of
some cubic structured metals (Prohászka et al., 2006)
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Chapter 3 Design of experimental facilities
3.1 Design and test of laser micro-machining equipment

3.1.1

Design of the machine

In this research, in order to investigate the influence of laser parameters on the profile
of laser machined grooves on a silicon workpiece, a laser micro-machining setup was
established. Figure 3.1 shows the schematic diagram of this laser micro-machining
setup, which is mainly composed of three parts: (I) three-dimensional motion platform;
(II) laser controller and transmission module; (III) visualization module.

Figure 3.1 The schematic diagram of laser micro-machining setup
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During the laser micro-machining process, the workpiece is placed on the threedimensional motion platform. The laser beam that passes through a fiber optic cable is
divided into two beams when it goes through the beam splitter; one is transmitted
horizontally while another is transmitted vertically. The vertical beam is then focused
by a focal lens. The distance between the workpiece and the focal lens can be adjusted
by controlling the movement of the three-dimensional motion platform, therefore the
desired laser spot size that irradiates onto the workpiece surface can be obtained.

3.1.2

Test of the machine

The laser used in this laser micro-machining experiment was a nanosecond pulsed fiber
laser with a wavelength of 2 μm. Table 3.1 lists the specifications of the laser device.
Figure 3.2 shows the actual picture of the laser device.

Figure 3.2 The actual picture of 2 μm pulsed laser controller and generator
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Table 3.1 The specifications of laser device
Parameter

Unit

Operation mode

-

Value
Pulsed

Wavelength

nm

2000

Max. average power

W

10

Max. pulse energy

mJ

0.333

Pulse width

ns

30

Pulse repetition rate

Hz

30000

The three-dimensional motion platform comprises a Z axis motion platform and an XY
motion platform. The travel range of the Z platform is 10mm, and for the XY platform,
it is 50 mm. The repeatability of these two platforms is 0.5 um. Figure 3.3 shows the
actual picture of the two motion platforms.

Figure 3.3 The real picture of XY motion platform and Z motion platform

Each axis of these platforms is driven by a 5-phase stepping motor. These three stepping
motors are then controlled by a three-axis CNC machine controller and three stepping
motor controllers, as shown in Figure 3.4. The standard G-code file is capable of
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controlling the movement of the motion platform. Figure 3.5 shows the user interface
of the controller software.

Figure 3.4 Three-axis CNC machine controller and stepping motor controller

Figure 3.5 The user interface of CNC controller software
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A visualization module, mainly composed of a CCD camera and a tele-centric lens, was
also integrated into the laser micro-machining setup to assist in adjusting the position
of the laser machining area. Figure 3.6 shows the actual setup of the visualization
module.

Figure 3.6 The actual setup of visualization module

Figure 3.7 shows the laser micro-machining setup. Figure 3.8 shows the laser groove
marks on the silicon workpiece generated by this homemade laser machine. It can be
seen from the test results that the position and the size of the laser irradiation spot on
the material surface can be controlled with high stability.
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Figure 3.7 Actual picture of laser surface modification setup

Figure 3.8 Laser ablation marks on silicon workpiece surface
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3.2 Installation of laser assisted diamond cutting machine

3.2.1

Design of the machine

In order to investigate the laser heating effect on the cutting performance and machining
accuracy of OFHC copper in the diamond cutting process, the establishment of a laser
assisted diamond cutting equipment is a prerequisite. In this research, a fiber laser unit
was incorporated into the Optoform30 ultra-precision machining system, and a video
microscope was adopted to assist in adjusting the relative position between the laser
spot and the diamond tool, with high precision.

Figure 3.9 Design sketch of the laser assisted diamond cutting machine
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Figure 3.9 shows the design sketch of the laser assisted diamond cutting machine. The
laser beam is designed to focus to a point on the workpiece surface right in front of the
cutting tool. In this way, the temperature of the cutting area can be increased to a
desirable range that is high enough to soften the material. The spot size of the laser
beam at the focal area is in the order of tens of micrometers. The video microscope is
used to assist in adjusting the relative position between the diamond tool and the laser
focal area. Fine adjustment of the relative position between the laser spot and the
diamond cutting tool can be realized by this method.

3.2.2

Alignment of laser and diamond tool axis

This setup is mainly composed of three parts: an ultra-precision CNC machine, a fiber
laser unit, and a video microscope. Figure 3.10 shows the two-axis Optoform30 ultraprecision CNC machine. The travel of the X and Z slides are 150 mm and 100 mm,
respectively. The video microscope and the fiber laser unit adopted in this setup are the
same as in the laser micro-machining setup, described in section 3.1. The maximum
magnification of the video microscope is around 400. The laser source is a Nd:YAG
laser that works in a continuous mode with a wavelength of 1064 nm. The maximum
power output is 20 W. The output laser beam diameter is 3 mm. Figure 3.11 shows the
actual laser assisted diamond cutting machine.
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Figure 3.10 Optoform30 ultra-precision CNC machine

Figure 3.11 The actual setup of the laser assisted diamond cutting machine

For the LAM experiment, the distance between the laser spot and machine tool is an
important parameter since it influences the temperature distribution in the cutting area.
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In LAM at the macroscale, there is no difficulty in adjusting the laser tool distance,
because both the laser spot and the machine tool are visible to the naked eye. However,
for the LAM at the microscale, both the machine tool tip and the laser spot are too small
to be identified by naked eye, which makes it impossible to do tool laser alignment
using conventional methods. With the assistance of a video microscope, this problem
was solved easily. Figure 3.12 shows the schematic diagram of the video microscope
assisted laser tool alignment method from the side view.

Figure 3.12 The schematic diagram of laser tool alignment method

As shown in this diagram, one of the corners of the rectangular workpiece was
intentionally cut off, therefore, a chamfer with an angle of θ was formed. Because both
the machine tool tip and the laser spot size were very small, they could be taken as two
points, which were marked as A and B, respectively. L and d were the vertical and
horizontal components of the distance between point A and point B. From the view of
the video microscope, point A and point C were in the same position. The distance
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between B and C, which marked as L, can be measured from the video microscope.
Thus the laser tool distance d can be calculated as,

d  L  tan 
The laser collimator was mounted on a three-axis motion platform which enabed the
laser beam position to be adjusted independently from the machine tool. By adjusting
the measured length L, a desirable tool laser distance d can be obtained. Figure 3.13 is
an optical microscopic image which shows the relative position between the laser
heated spot and the tool mark, which indicated that the relative position between the
laser spot and diamond tool can be adjusted with a very high precision.

Figure 3.13 The optical microscopic image of the laser heated spot and the tool mark
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Chapter 4 A hybrid machining process combining laser
grooving and diamond shaping
4.1 Introduction

Single crystal silicon is an important mold material used in the precision glass molding
industry due to its high thermal stability and available processing methods. However,
silicon is also a brittle material that is relatively difficult to cut using a diamond tool,
because cracks are easily formed on the machined surface during the cutting process.
Generally speaking, by controlling the depth of cut to less than a critical value, crackfree machining could be achieved. Since the critical depth of cut of single crystal silicon
is only a few hundreds of nanometers, it is still a rather time consuming process to
fabricate microstructures with feature sizes far larger than the value of critical depth of
cut. The lenticular lens is just such kind of microstructure.

Figure 4.1 Schematic diagram of lenticular lens and mold insert

Figure 4.1 shows the schematic diagram of the shape of a lenticular lens and its mold
insert. As shown in this figure, the depth of the lenticular lens d is typically in the order
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of tens of micrometers. That means generating this kind of microstructures on a silicon
workpiece surface with the ductile region machining method will have extremely low
efficiency. Furthermore, the tool wear problem will be very serious.

In order to improve the machining efficiency as well as reduce the tool wear in
fabricating lenticular lens mold inserts using silicon material, a new machining method
therefore needs to be developed. In this research, we propose a hybrid machining
method to fabricate silicon lenticular lens mold inserts that combining laser grooving
and diamond shaping.

Figure 4.2 Illustration of the hybrid machining method

Figure 4.2 illustrates the process of this hybrid machining method. During this hybrid
machining process, firstly, the workpiece material is grooved by a high power
nanosecond laser beam. By controlling the laser scan parameters, grooves with predesigned shapes can be generated on the silicon workpiece surface. Secondly, the
diamond tool will be aligned to the same position of the grooves generated by laser to
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remove the remaining material and perform finish cutting. Since most of the material is
removed in the laser grooving step, which is a relatively fast and low cost process, this
machining method is expect to have high efficiency, as well as being cost effective,
compared with the conventional diamond machining method.

Figure 4.3 Flow chart of the hybrid machining process

In this research, a feasibility study of this hybrid machining method was performed.
Figure 4.3 shows the flow chart of the hybrid machining process. Firstly, the influence
of the laser machining parameters, such as scan speed, laser power and defocus depth
on grooving depth was investigated. Then grooves with pre-designed shapes were
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generated by the laser grooving method with the optimized laser machining parameters.
Finally, diamond tool alignment and finish cutting experiment with varying cutting
depth were realized. The experimental results indicated that it is possible to use this
method to machine lenticular lens mold inserts using silicon as the mold material in
terms of improving machining efficiency as well as reducing tool wear.

4.2 Laser grooving of silicon

Laser grooving experiments were conducted on the homemade laser micro-machining
setup developed by the author, as described in chapter 3. The laser used was a
nanosecond pulsed laser of wavelength 2 µm. The pulse duration and repetition rate of
this laser were 30 ns and 30 kHz, respectively. The workpiece material was single
crystal silicon. In order to find the optimum laser machining parameters for a designed
value of groove depth, the influence of laser scan speed, laser power, and defocus depth
on grooving depth was investigated.

4.2.1

Influence of laser parameters on groove depth

Figure 4.4 shows a typical optical microscopic image of the cross-section view of laser
machined grooves on a silicon workpiece surface. The laser power was 4.3 W and the
scan speed was 50 mm/min in this case. The workpiece surface was adjusted to be at
the focal point of the laser beam.
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Figure 4.4 Cross-section view of laser machined grooves on silicon workpiece surface

It can be seen from this image that the depths of these laser generated grooves were
almost the same, which means the repeatability of the laser grooving process was
reliable, and thus acceptable for our purpose. A laser grooving experiment with changed
laser power and scan speed was conducted. Table 4.1 lists the experimental results of
the depths of laser machined grooves with different laser power and scan speed. The
experimental result is plotted in Figure 4.5 and Figure 4.6. It can be seen that the
relationship between groove depth and laser power could be well fitted with a linear
function, and so was the relationship between groove depth and scan speed.
Table 4.1 The influence of laser scan speed and laser power on groove depth
Speed
（mm/min）
100
200
300
400

2
15
13
12
8

2.3
21
19
17
15

Laser power (W)
2.7
3.1
3.5
3.9
28
35
42
50
27
32
38
46
26
30
36
42
24
28
32
41

50

4.3
59
53
48
44

5.3
80
70
64
60

Figure 4.5 The influence of laser power on groove depth

Figure 4.6 The influence of scan speed on groove depth
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The influence of the defocus depth on the groove depth was also investigated in the
laser grooving process. The definition of the defocus depth is illustrated in Figure 4.7,
and refers to the distance between the workpiece surface and laser beam focal point.

Figure 4.7 Illustration of definition of defocus depth

The experimental result is shown in Table 4.2 and is also plotted in Figure 4.8. The laser
scan speed was fixed to 400 mm/min for all the experiments. Unlike the relationship
between groove depth and laser power which could be fitted with a linear function, the
effect of defocus depth on groove depth was non-linear.
Table 4.2 The influence of defocus depth on groove depth
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Figure 4.8 The influence of defocus depth on groove depth

4.2.2

Laser grooving experiment and result

The cross-section profile of the lenticular lens groove is an arc. In this design, we chose
the arc radius to be 0.5 mm, and the groove depths to be 50 µm and 80 µm. Then the
width of the grooves were calculated to be 0.436 mm and 0.543 mm, respectively. The
width of a single laser machined groove was around 5 µm, which could be estimated
from Figure 4.4. Thus to generate one lenticular lens groove, tens of, or even more than
one hundred repetitions of laser scanning was required. For the lenticular lens groove,
at different position of the arc, the depth was different. As discussed in section 4.2.1,
both the laser power, scan speed and defocus depth could influence the groove depth
produced by laser scanning. There are several methods to produce a groove of a given
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depth. Since it is relatively easier to adjust the defocus depth by a numerically
controlled 3-axis motion platform than adjusting the laser power, therefore in this
experiment by changing the defocus depth rather than changing the laser power,
grooves with varying depths could be realized.

Figure 4.9 The procedure to determine defocus depth profile

Figure 4.9 shows the procedure to determine the defocus depth profile. Firstly, the
actual depth of a design lenticular lens at different positions Dn was calculated. Then
according to the relationship between the groove depth and defocus depth obtained from
the experimental result, the defocus depth dn could be calculated. The interval between
two laser scanning lines was set to be 5 µm. The defocus depth profiles for a designed
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lenticular lens groove depth of 50 µm and 80 µm are shown in Figure 4.10 and Figure
4.11, respectively. The corresponding laser powers were 4.3 W and 5.3 W.

Figure 4.10 Defocus depth profile for a lenticular lens groove depth of 50 µm

Figure 4.11 Defocus depth profile for a lenticular lens groove depth of 80 µm
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The optical microscopic images of the cross-section profiles of the laser machined
grooves are shown in Figure 4.12 and Figure 4.13. The red line shows the design
lenticular lens profile. The experimental results agreed well with the design profiles.

Figure 4.12 Cross-section profile of laser machined groove (designed depth 50 µm)

Figure 4.13 Cross-section profile of laser machined groove (designed depth 80 µm)

56

4.3 Diamond shaping of grooves produced by laser grooving

A rough shape of the groove can be obtained by laser cutting on silicon. However, the
shape and surface quality of the laser generated grooves was still not satisfactory. In
laser grooving, instead of directly removing from the workpiece surface, the melt-off
materials piled up on the workpiece surface and needed to be removed by the
subsequently diamond shaping process. Since the laser grooving experiment was
performed on the laser micro-machining equipment, when the workpiece was moved to
the diamond cutting machine, tool alignment was needed to align the groove axis cut
by laser with the axis of the diamond tool travel. Subsequently, diamond cutting with
different finish cutting depth was conducted to investigate the influence of depth of cut
on the surface quality of machined grooves.

4.3.1

Diamond tool alignment method

The diamond cutting experiment was performed on a Nanoform200 ultra-precision
lathe. Figure 4.14 shows the setup of the diamond cutting experiment. A CCD camera
was mounted on the lathe to assist in the alignment work. Figure 4.15 shows an image
of the tool alignment process captured by the CCD camera, and Figure 4.16 shows the
schematic diagram of the alignment method between diamond tool and laser generated
groove. The tilt stage as shown in Figure 4.14 could be used to tilt the workpiece to
rotate around Y coordinate axis to make sure the cutting process can be performed under
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a constant depth of cut. The Y motion stage was used to shift the workpiece along the
vertical direction to enable the groove center line to be in the same altitude with tool
center line. The silicon workpiece was mounted on a cylindrical workpiece holder
which could rotate around X coordinate axis. The reference line was used as a reference
in adjusting the workpiece around X coordinate axis to make sure the tool center line
and groove center line always in the same altitude throughout the diamond cutting
process. In this alignment process, one end of the reference line was adjusted to be at
the same altitude with the diamond tool center line. The diamond tool could be moved
back and forth along Y coordinate axis. Rotate the workpiece holder around X
coordinate axis to minimize the deviation of the distance between the reference line and
tool center line. Repeat this process until this deviation reduced to an acceptable level.

Figure 4.14 Diamond cutting experimental setup
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Figure 4.15 CCD camera captured image shows the tool alignment process

Figure 4.16 Schematic diagram of the alignment method between diamond tool and
laser generated groove
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4.3.2

Diamond shaping with varying depth of cut

After the tool alignment work was completed, diamond cutting experiments would then
be performed. The diamond cutting tool served as the shaper of the prior groove to give
it the final shape. Firstly, rough cutting was conducted to remove the laser deteriorated
material which was still attached to the workpiece surface. The depth of rough cut was
set to be slightly larger than the laser grooved depth. Since the material in the region
that had been deteriorated by laser beam and was no longer chemically bonded to the
base material, it would be very easy to remove without causing large cracks to form on
the machined workpiece surface even when the depth of cut was as large as tens of
micrometers. As shown in Figure 4.12, the workpiece could be divided into two regions
after laser grooving process, which marked as Zone I and Zone II in this figure. In Zone
I, the crystal structure of silicon was totally destructed by laser irradiation and part of
the debris piled up on the laser treated area, this part of material would be removed in
the subsequent diamond cutting process, thus it would not affect the final surface quality
of the lenticular lens. In Zone II, the material was totally unaffected by laser irradiation
thus remained its original crystal structure. Secondly, finish cutting was performed to
determine the relationship between the surface roughness and finish cutting depth. The
first pass of finish cutting was to remove the deteriorated material in Zone I, and the
following passes were performed on the fresh silicon surface generated by the first pass.
The final surface quality was affected by both cutting conditions and diamond tool
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conditions, since in diamond machining of silicon, there exists a critical value under a
given cutting condition and diamond tool condition, beyond which cracks would form
on the machined surface. In this research, by fixing the diamond tool condition, we only
investigated the influence of finish cutting depth on the surface quality of machined
grooves.

Figure 4.17 Groove surface profiles after finish cutting with different cutting depth

Figure 4.17 shows the groove surface profiles after finish cutting with different depths
of cut. For each of the depth of cut values, the total cutting depth was the same. For
example, if the total finish cutting depth was 4 μm, it would need one pass for a depth
of cut of 4 μm and twenty passes for a depth of cut of 0.2 μm.
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Figure 4.18 Relationship between depth of cut and groove surface roughness

Figure 4.18 shows the relationship between the finish cutting depth and the groove
surface roughness. The surface roughness was measured on the bottom of the grooves
with a sampling area of 250 μm×500 μm. It can be seen that the surface roughness
decreased with decreasing finish cutting depth. When the finish cutting depth was 4 μm,
large cracks frequently formed on the machined groove surface, causing the surface
roughness to be very high. When the finish cutting depth was 0.2 μm, the machined
groove surface appeared to be much smoother with fewer and smaller cracks formed.
The surface roughness was thus dramatically reduced compared with those with larger
finish cutting depths. However, even though the machined surface quality could be
improved significantly with a smaller finish cutting depth, the surface roughness, which
was in the order of 100 nm, was still too large to fulfill the requirement of a practically
useful high quality lenticular lens mold insert. Part of the reason is that the diamond
tool being used in this research was not specially designed for machining brittle
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materials whose rake angle should be negative. What we used in this research was a
conventional diamond tool with zero rake angle. It cannot sufficiently suppress the
formation of cracks while machining brittle materials like single crystal silicon, thus
led to a poor machined surface. Further work is still required to make this method useful
for the fabrication of lenticular lens silicon mold.

4.4 Summary

In this chapter, a hybrid machining method that combining laser ablation and diamond
cutting was proposed to machining lenticular lens silicon mold. A feasibility study was
performed to investigate the availability of using this method to fabricate lenticular lens
mold. The influence of laser power, laser scan speed and defocus depth on the laser
ablation depth was investigated. It was found that there was a linear relationship
between laser power and laser ablation depth, and so was the relationship between laser
scan speed and laser ablation depth. While the influence of defocus depth on laser
ablation depth was a non-linear effect. In the diamond cutting process, the machined
surface quality could be improved significantly by reducing the finish depth of cut. The
experimental results indicated that it could be a possible method in manufacturing
lenticular lens silicon mold or other similar microstructures, with improved machining
efficiency as well as reduced tool wear. Further work is required to obtain a better
surface finish down to the nanometer level.
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Chapter 5 Laser assisted diamond cutting of OFHC copper
5.1 Introduction

The surface quality of high precision components plays a vital role in their applications,
especially in optical components. Because of the high thermal conductivity and high
purity of OFHC copper, it is the most suitable material for high power laser mirrors
which require a high laser damage threshold. The cutting performance of OFHC copper
in the ultra-precision machining is influenced by both material properties and cutting
conditions. For example, in the diamond machining of OFHC copper, a small depth of
cut could lead to a good surface quality of the machined parts, but the machining
efficiency would be low. However, a large depth of cut will lead to a poor surface quality
of the machined parts and also a high cutting force. It is meaningful to investigate the
factors that are responsible for the deterioration of the surface quality of OFHC copper
at large depths of cut in order to improve both the surface quality and machining
efficiency in manufacturing practice. In this research, a taper cutting experiment was
conducted to find the relationship between surface roughness and depth of cut. It was
found that the formation of surface defects at large depths of cut was the reason that
caused the surface roughness of the machined groove to increase. Because the hardness
and strength of copper decreases with increase of temperature, it might be helpful to
suppress the formation of surface defects of OFHC copper by using a laser to heat up
the material in the cutting region during the machining process. This research thus
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investigated the influence of laser heating on the surface quality of OFHC copper in the
diamond cutting process.

5.2 Surface defects of OFHC copper in diamond cutting

5.2.1

Experimentation

A four-axis ultra-precision lathe from Moore Nanotechnology System Incorporation
(Nanotech 350FG from) was employed to perform the experiment. A taper cutting
experiment with a continuously increased depth of cut from 0 to 20 μm was conducted.
The inclination angle of the grooves to the flat surface was approximately 0.057°, and
the cutting speed was 30 mm/min. Figure 5.1 (a) and (c) show the experimental setup
and schematic of the taper cutting experiment, respectively. A cylindrical shaped
commercial available OFHC copper workpiece and a leaded brass (UNS C37700)
workpiece with a size of 31.7 mm in diameter and 15 mm in thickness were used in this
experiment, as shown in Figure 5.1 (b). The average grain size of the copper workpiece
was around 30 μm. The brass workpiece was composed of the α and β phases. The
chemical composition of brass was: Cu 61.70%; Zn 37.65%; Pb 2.08% in weight
percent. The metallographic structure of copper and brass are shown as Figure 5.1 (d)
and (e), respectively. The micro-hardness of the workpiece was measured at 5 randomly
chosen points with a Vickers hardness tester (Type: FM-7e, Future Tech). The average
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micro-hardnesses were measured to be 99.3 MPa for the copper workpiece and 115.4
MPa for the brass workpiece at the applied load of 0.1 kg.

Figure 5.1 (a) Experimental setup; (b) Copper and brass workpiece; (c) Schematic of
taper cutting; (d) and (e) Metallographic microstructure of copper and brass

The work surface of the specimen was finished to a roughness of less than 10 nm by
diamond turning using the same ultra-precision lathe before the taper cutting
experiment was conducted on the same surface. A fresh single crystal diamond tool was
used throughout the experiment. The tool nose radius was 0.567 mm, tool clearance
angle and rake angles were 10°and 0°, respectively. No lubricant was used in this
experiment. Three grooves were generated with identical cutting parameters on each
workpiece.
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The surface morphology and surface damage of the machined micro-grooves were
examined by an optical microscope (Olympus BX60) and a scanning electron
microscope (Hitachi, TM3000). The groove cross-section profile and surface roughness
were measured by a 3D optical surface profiler (Zygo, Nexview). The sampling area
and optical resolution of the surface roughness measurement were 100 μm×100 μm and
0.4 μm, respectively.

5.2.2

Results and discussion

The surface roughness (Ra) at the bottom of the grooves at different depths of cut was
measured and plotted in Figure 5.3. Figure 5.2 shows the procedure of calculating the
surface roughness from a curved surface. Firstly, a square area with fixed dimension of
100 μm×100 μm was extracted as a sampling area from the bottom of the groove at a
selected depth of cut. Secondly, the surface waviness profile of the sampling area was
removed with only the surface roughness profile left, and then the Ra value was
measured. When the depth of cut is smaller than around 2.5 μm, the width of the groove
will be smaller than 100 μm. Hence, the size of the sampling area was chosen as the
width of the groove rather than the fixed dimension 100 μm×100 μm. Theoretically, the
size of the sampling area does not influence the value of surface roughness.
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Figure 5.2 The procedure of calculating surface roughness from a curved surface

For the copper workpiece, the average surface roughness of the three grooves at the
same depth of cut and its exponential fitted curve were also plotted in Figure 5.3. It
clearly shows that the surface roughness increases with increasing of depth of cut. The
relationship between surface roughness and depth of cut can be described by the
following exponential function:
y  7.2858e0.179 x

where x denotes the depth of cut, and y denotes the surface roughness. In contrast, the
surface roughness of the machined groove surface on the brass workpiece changed only
slightly with increasing depth of cut, and could be well fitted with the following linear
function:
y  0.465x  12.941
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Figure 5.3 Surface roughness at the bottom of the grooves at different depth of cut of
copper and brass

A representative (groove 2 of Figure 5.3) surface profile of the groove on the copper
workpiece, measured by a 3D optical surface profiler, is shown in Figure 5.4. It was
found that, with increasing depth of cut, the surface quality of the groove deteriorated
rapidly due to the frequently occurred surface defects. As a comparison, Figure 5.5
shows the result of the groove machined on the brass workpiece (groove 1 of Figure
5.3). There was no observable change of surface quality at different depths of cut.

Further examination through SEM revealed that the surface defects found on the copper
workpiece could be mainly classified as two different types, namely ripple-like defects
and delamination. The ripple-like defects were found to occur occasionally in depths of
69

cut around 3 to 13 μm, the density of the defects increasing with increasing depths of
cut. While, the delamination appeared from depths of cut around 11 to 20 μm.

Figure 5.4 Surface profile of micro-groove at different depth of cut measured by 3D
optical surface profiler (OFHC copper)

Figure 5.5 Surface profile of micro-groove at different depth of cut measured by 3D
optical surface profiler (C37700 brass)

Figure 5.6 (a) shows a typical ripple-like defect which occurred at a depth of cut around
5 μm, and (b) is the detail of the ripple-like defect with an enlarged scale. The generation
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of this type of defect was suspected to be influenced by the microstructures of the
material, more specifically, the crystal orientations of the grains being cut. Because for
an individual copper crystal grain, there exists certain slip planes and the corresponding
slip directions along which dislocation motion could occur more easily than in other
planes or directions. Those grains with no preferred slip directions are prone to
generating ripple-like defects during cutting. This explanation is well supported by the
work of many other researchers (Ding et al., 2012), since the ripple-like defects were
generally observed to occur within certain individual grains in their study.
Groove
border

Cutting
direction

Groove
border

Cutting
direction

Figure 5.6 SEM image of surface defects: (a) and (b) ripple-like defects at depth of
cut around 5 μm; (c) and (d) delamination at depth of cut around 20 μm
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Figure 5.7 Detail of the delamination in Figure 5.6(d) with enlarged scale

Figure 5.8 Other delamination defects found in this experiment

Figure 5.6 (c) and (d) illustrate the delamination defects, which were found to occur at
the depth of cut around 20 μm. The delamination defects were composed of two
different features, which we named as the delamination fragment and the delamination
substrate, as shown in Figure 5.7, which is the enlarged picture of Figure 5.6 (d). The
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typical thickness of the delamination fragments is around 1 μm. There are no obvious
variations of the fragments thicknesses that occurred at positions with different depths
of cut. The sizes of the delamination features are marked in Figure 5.7, Taking the
delamination defect shown at the center of Figure 5.7 as an example, before this defect
formed, the yellow curved line A1B1 should coincide with line A2B2. A crack was
initialized along A1B1 due to surface traction caused by friction between the diamond
tool and groove surface. After that, line A2B2 continued to move to its current position
with further movement of the diamond tool. To support this speculation, more
delamination defects are shown in Figure 5.8. We can see that there is high similarity
between the two edges of the defects. In the defect group, which is marked as “3” in
Figure 5.8 (b), a series of defects with different sizes was found arranged in an orderly
manner, growing gradually, from small to big. Therefore, the delamination fragment is
much smaller than the delamination substrate left behind. The delamination behavior
of copper in diamond micro-grooving is the main reason that caused the surface
roughness to rise dramatically at a large depth of cut. Figure 5.9 was obtained by
plotting the cross-section profiles of the micro-grooves at different depths of cut in one
graph. It shows clearly that with increasing depth of cut, the cross-section profiles
gradually transformed from smooth to rather rough, due to the progressively increased
ripple-like defects and delamination, some of which are highlighted with red ellipse in
Figure 5.9.
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Figure 5.9 Superposition of the cross-section profiles of micro-groove at the depth of
cut from 0 to 20 μm

Cutting chips were collected and examined by SEM. As shown in Figure 5.10, the
thickness of the cutting chip of OFHC copper at 20 μm depth of cut is much larger than
that of C37700 brass. A larger chip thickness corresponds to a bigger chip compression
ratio, which indicates that the plastic deformation of material in the cutting area of
copper was much more severe than that in brass.

Figure 5.10 Cutting chips at 20 μm depth of cut (a) OFHC copper; (b) C37700 brass

74

To examine the plastic deformation of the machined groove surface, the workpiece
surfaces were chemical etched to reveal the microstructural details of the groove under
an optical microscope and SEM. Figure 5.11 and Figure 5.12 are the optical
microscopic images of the machined groove surfaces of copper and brass at different
depths of cut after chemical etching.

Figure 5.11 Optical microscopic image of machined groove surface of copper after
chemical etching (a) depth of cut 3.7 μm; (b) depth of cut 12.2 μm

Figure 5.12 Optical microscopic image of machined groove surface of brass after
chemical etching (a) depth of cut 1.4 μm; (b) depth of cut 16.2 μm
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For the copper workpiece, when the depth of cut is small, as shown in Figure 5.11 (a),
the crystal boundary of the machined groove surface could be observed clearly after
chemical etching. When the depth of cut is large, the crystal boundary is totally blurred
and cannot be identified (Figure 5.11 (b)). This indicates that the plastic deformation of
the machined groove surface of copper at large depth of cut is much more severe than
that at small depth of cut.

Figure 5.13 SEM image of machined groove surface of copper after chemical etching
(a) and (b) depth of cut 3.7 μm; (c) and (d) depth of cut 12.2 μm

Figure 5.13 shows the SEM image corresponding to Figure 5.11. It is only at the areas
where plastic deformation is severe enough that the surface delamination could be
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found in diamond micro-grooving process. For the brass workpiece, a crystal boundary
could be observed clearly despite the depth of cut being as large as 16.2 μm, as shown
in Figure 5.12 (b). No delamination was found to occur on machined groove surface of
brass in any depth of cut.

To understand the differences in the surface plastic deformation and subsurface stress
state between copper and brass in diamond cutting process, FEM simulation was
performed using Deform 2D software. The material data being used in the simulation
process was from the build-in material data library of Deform software which based on
real material tests. The tool was considered as a rigid body, and the depth of cut was set
to 20 μm. The pure deformation method with continuous adaptive re-meshing technique
was adopted in this simulation process to avoid the use of any chip separation criterion.
The number of elements was around 40,000. The simulation result is presented in
Figure 5.14 and Figure 5.15. The simulated chip morphologies of copper and brass
agreed well with the experimental result qualitatively. According to the simulation
result, the effective strain of the machined surface of copper is much bigger than that
of brass, which is also in agreement with the results of the cutting experiment.

The simulated stress contour of OFHC copper and C37700 brass along the X direction
are shown in Figure 5.15. For copper, there existed a large area, marked as ST in Figure
5.15 (a), within which the materials subjected to high tensile stress. This area is much
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larger than that of brass, which means the copper even far behind the cutting tool will
still be subjected to tensile stress. This tensile stress could be high enough to induce
subsurface cracks to propagate and form the visible delamination defects at large depth
of cut. While for brass, this tensile stress region was confined to a much shallower area
(Figure 5.15 (b)). These cracks mainly occurred at the tool tip region and no subsurface
crack was able to form in the cutting process.

Figure 5.14 Simulated effective strain of (a) OFHC copper and (b) C37700 brass
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Figure 5.15 Stress contour along X direction (a) OFHC copper; (b) C37700 brass

The formation of delamination in diamond cutting is affected by a number of factors,
such as the depth of cut and material brittleness. As in the experimental results, the
delamination behavior only occurred at a depth of cut larger than 11 μm. This is because
when the depth of cut is small, the tensile stress in the subsurface area is not high enough
to induce subsurface cracks to be initiated and propagate. Also, adequate ductility of
the workpiece material is a prerequisite for the formation of delamination in the
diamond cutting process.
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Even though the surface stress conditions in the diamond cutting process is similar with
that in the sliding wear process, the surface delamination phenomenon found in the
diamond cutting of copper cannot be explained by the delamination theory of wear. In
the sliding wear condition, the delamination wear is a consequence of repeated loads.
While in the diamond cutting process, the machined surface is subjected to the load
exerted by the cutting tool only one time. Also, in the sliding wear process, a higher
hardness or brittleness of the workpiece material is beneficial for the wear debris
formation (Jahanmir, 1976). In the diamond cutting process, compared with a harder
material such as C37700 brass, soft workpiece materials such as OFHC copper, a higher
depth of cut is inductive to form the delamination defects.

5.3 Diamond cutting of OFHC copper assisted with laser heating

5.3.1

Experimentation

Diamond cutting of OFHC copper with laser heating was performed to investigate its
cutting performance at elevated temperature. The cutting depth increased continuously
from 0 to 20 μm with an inclination angle of approximately 0.057°, and the cutting
speed was set as 10 mm/min. A cylindrical shaped commercially available OFHC
copper workpiece with a size of 15 mm in diameter and 15 mm in thickness was used
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in this experiment. The average grain size of the copper workpiece was around 20 μm.
The metallographic structure and hardness of copper is shown as Figure 5.16. The
hardness of the bulk material with an indentation load of 1 kg was 105 MPa.

Figure 5.16 The metallographic structure and hardness of copper

Before the experiment, the workpiece surface was diamond turned to a roughness of
less than 10 nm. A fresh single crystal diamond tool was used throughout the
experiment. The tool nose radius was 0.567 mm, and the tool clearance angle and rake
angle were 10°and 0°, respectively. No lubricant was used in this experiment.

The experimental setup is shown as Figure 5.17. The laser used in this experiment was
an Nd:YAG laser with a wavelength of 1064 nm and a worked in the continuous mode.
The maximum output power of the laser was 20 W. In order to maximize the laser
absorbance of OFHC copper, the workpiece surface was painted black using greasy pen.
Three grooves were generated in this experiment. One groove was diamond machined
without laser heating, while the other two grooves were machined with the assistance
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of laser online heating, with the laser output powers were set as 20%, 60% of the
maximum power, which were 4 W and 12 W, respectively. To avoid the blocking of
cutting chips to the laser light, instead of heating directly in front of the tool tip, the
laser spot was focused slightly upper than the tool path. As shown in Figure 5.18, both
the distances of OA and AB were around 100 μm. The diameter of the laser spot was
adjusted to be around 100 μm.

Figure 5.17 Laser assisted diamond cutting experimental setup
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Figure 5.18 Schematic diagram of laser assisted diamond cutting experiment

5.3.2

Simulation of temperature distribution

In order to understand the influence of laser heating on the cutting performance of
OFHC copper in diamond cutting process, an estimation of the temperature distribution
induced by laser heating is therefore necessary. As the limited size of the laser heated
area made it difficult to measure the temperature distribution directly, FEM was adopted
to estimate the temperature range of the cutting region in laser heating assisted diamond
cutting process.

According to the Fourier law of heat conduction and the law of energy conservation,
the heat transfer problem is governed by the following equation:
𝜌𝑐𝑝

∂𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
=
(𝑘(𝑇) ) +
(𝑘(𝑇) ) + (𝑘(𝑇) )
𝜕𝑡 𝜕𝑥
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝜕𝑧
𝜕𝑧
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where 𝜌, 𝑐𝑝 , 𝑘 are the density, specific heat and thermal conductivity, respectively.
The term on the left-hand side represents the laser energy absorption by workpiece
material, and the terms on the right-hand side represent the energy diffusion along three
dimensions.

The initial condition at time t = 0 is given by the initial workpiece temperature 𝑇0 .
𝑇(𝑥, 𝑦, 𝑧, 𝑡 = 0) = 𝑇0
The boundary condition of the surface under laser irradiation takes into account the heat
flux, convection and radiation and can be defined by
−k

𝜕𝑇
= 𝑞(𝑥, 𝑦) − ℎ(𝑇 − 𝑇0 ) − 𝜎𝜀(𝑇 4 − 𝑇04 )
𝜕𝑧

where 𝑞, ℎ, 𝜎, 𝜀 are the heat flux, air convection coefficient, Stefan-Boltzmann constant
for radiation and emissivity, respectively.

The laser beam was regarded as a Gaussian beam, and the heat flux 𝑞 is defined as
(Dahotre and Harimkar, 2008)
𝑞(𝑥, 𝑦) =

2𝑃
2(𝑥 2 + 𝑦 2 )
𝑒𝑥𝑝
(−
)
𝜋𝑟 2
𝑟2

where 𝑃 is the laser power and 𝑟 is the laser spot radius.

The values of the parameters adopted in this simulation are listed in Table 5.1.
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Table 5.1 The values of the simulation parameters
Parameter

Symbol

Value

Unit

Density

𝜌

8960

𝑘𝑔⁄𝑚3

Specific heat

𝑐𝑝

385

𝐽⁄(𝑘𝑔 ∙ 𝐾)

Thermal conductivity

𝑘

401

𝑊 ⁄(𝑚 ∙ 𝐾)

Ambient temperature

𝑇0

20

℃

Air convection coefficient

ℎ

30

𝑊 ⁄ (𝑚2 ∙ 𝐾)

Stefan-Boltzmann constant

𝜎

5.67e-8

𝑊 ⁄(𝑚2 ∙ 𝐾 4 )

Emissivity

𝜀

0.78

-

Laser power

𝑃

4, 12

𝑊

Laser spot radius

𝑟

5e-5

𝑚

Laser scan speed

𝑣

1.667e-4

𝑚⁄𝑠

The simulated temperature field distribution of the laser heated region with laser powers
of 4 W and 12 W are shown in Figure 5.19 and Figure 5.20 respectively. Since the
thermal conductivity of OFHC copper is very large while the laser scan speed was very
small, the isothermal surface was roughly a hemisphere as shown in the simulation
result. Therefore, the temperature of the material in the diamond tool tip region, marked
as point B in Figure 5.18, can be considered as close to the temperature of the material
in the region marked as point C in Figure 5.19 and Figure 5.20, as long as the distance
of OC equals OB, which was around 140 μm. The transient temperature distribution
along line MN at a given time is plotted in Figure 5.21. According to the simulation
result, when the laser power is 4 W, the temperature at point C is 32.4 ℃, and when the
laser power is 12W, the temperature is 57 ℃. Further, it was assumed that the laser
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energy was absorbed fully by the workpiece material in this simulation, while in the
actual situation, there should be energy loss due to the reflectance of the workpiece
material. Therefore, the actual temperature should be lower than the simulated result.

Figure 5.19 Cross-section view of simulated temperature field distribution to a laser
power of 4W

Figure 5.20 Cross-section view of simulated temperature field distribution to a laser
power of 12W

86

Figure 5.21 Transient temperature distribution along line MN

5.3.3

Results and discussion

The surface roughness at the bottom of the grooves at different depth of cut was
measured and plotted in Figure 5.22. When there was no laser heating, the surface
roughness of the machined groove increased dramatically with increasing of depth of
cut, especially when the depth of cut was larger than 10 μm. This was because of the
formation of surface delamination defects, as discussed in the previous section. When
there was laser heating during the diamond cutting process, the surface roughness of
the machined grooves was improved compared with that of not using laser heating.
Furthermore, higher laser power led to a greater improvement of the surface quality of
the machined groove.
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Figure 5.22 Surface roughness of machined grooves with and without laser assistance

Figure 5.23 shows the surface quality of the grooves measured by Zygo at depth of cut
of around 19-20 μm. Figure 5.24 shows the SEM image of the groove surfaces at a
depth of cut around 19-20 μm.

Figure 5.23 Surface quality of the grooves measured by Zygo at depth of cut around
19-20 μm: (a) no laser; (b) laser power: 4 W; (c) laser power: 12 W
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Figure 5.24 Surface quality of the grooves measured by SEM at depth of cut around
19-20 μm: (a) no laser; (b) laser power: 4 W; (c) laser power: 12 W

From these images, one can see that the surface quality of the machined grooves was
improved by using laser heating prior to cutting. Higher laser power led to a better
surface quality. The defects that occurred at large depths of cut were suppressed when
using the laser to assist machining.

Figure 5.25 was obtained by plotting the cross-section profiles of the micro-grooves at
different depths of cut in one graph. It shows clearly that with the increasing laser power,
the cross section profile of the grooves at large depth of cut became smoother. Thus,
laser heating can improve the surface quality of OFHC copper when the depth of cut is
relatively large, as found in the diamond cutting of OFHC copper experiments. Figure
5.26 shows the main cutting force in the laser assisted diamond cutting process. With
the increasing laser power, the cutting force was reduced dramatically at a depth of cut
larger than 14 μm. When the depth of cut was smaller than 13 μm, the influence of laser
heating on the cutting force was not pronounced.
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Figure 5.25 Superposition of the cross-section profiles of micro-grooves at the depth
of cut from 0 to 20 μm

Figure 5.26 Main force in cutting grooves with varying depth of cut
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As discussed in previous chapter, that the ductility of the workpiece material exerts a
big influence on the formation of surface delamination defects, which was the main
reason responsible for the increase of surface roughness at large depth of cut in diamond
cutting process. Ductility is the ability of a solid material to undergo large plastic
deformation. It can be influenced by elevating working temperature. For OFHC copper,
the ductility decreases with the increasing of temperature. This can be explained as
following.

Figure 5.27 Schematic diagram of engineering stress strain curve of OFHC copper

Figure 5.27 shows the schematic diagram of engineering stress strain curve of OFHC
copper. The ultimate stress point which marked as P in the figure indicates the initiation
of necking of the specimen in the tensile test. At this point, the applied load F reaches
its maximum value. Thus
𝑑𝐹 = 0
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(1)

Let 𝜎 denotes the true stress, and A denotes the cross sectional area of the necking
region of the specimen. Then, we can get
𝐹 =𝜎∗𝐴

(2)

From equations (1) and (2), equation (3) can be derived
𝜎𝑑𝐴 + 𝐴𝑑𝜎 = 0

(3)

This also can be written as
𝑑𝜎
𝜎

=−

𝑑𝐴
𝐴

(4)

Consider a small volume of the testing material in the necking region, l denotes the
length of this region. In the stretching process, the volume of this portion of material
keeps invariant, thus we have
𝑑(𝐴 ∗ 𝑙) = 0

(5)

𝐴𝑑𝑙 + 𝑙𝑑𝐴 = 0

(6)

This equals to

Thus

−

𝑑𝐴
𝐴

=

𝑑𝑙
𝑙

= 𝑑𝜀

(7)

Where, 𝜀 denotes true strain. Combine equation (4) and (7), we can get
𝑑𝜎
𝜎

= 𝑑𝜀

(8)

=𝜎

(9)

Or written as
𝑑𝜎
𝑑𝜀

In this equation, 𝑑𝜎⁄𝑑𝜀 is the strain hardening rate. This means necking begins when
the strain hardening rate equals to the true stress during the tensile test. For OFHC
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copper, the critical resolved shear stress keeps almost invariant when the temperature
increases, while the strain hardening rate decreases with the increasing of temperature,
which resulted to the decrease of ductility of OFHC copper at elevated temperature. An
illustrative diagram is shown in Figure 5.28 (Shi and Zhu, 2006). As can be seen from
this diagram, since the flow stress always decrease with the increasing of temperature,
at a lower temperature, the slope of the true stress strain curve, which is exactly the
definition of strain hardening rate, will be smaller than that at a higher temperature.
Thus the projection of the intersection point between the true stress strain curve and the
strain hardening rate curve along true strain axis is smaller at a higher temperature,
which indicated that necking will initiate under a smaller strain at a higher temperature
during the tensile test. Thus the ductility of OFHC copper reduces at an elevated
temperature. This theoretical derivation is well supported by an experimental result in
the literature which is shown in Figure 5.29. From the real material test of OFHC copper,
the elongation at break was reduced at elevated temperatures. This indicated the
deterioration of ductility of OFHC copper at elevated temperatures.
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Figure 5.28 Influence of temperature on true stress strain curve and strain hardening
rate of OFHC copper (Shi and Zhu, 2006)

Figure 5.29 Engineering stress strain curve of OFHC copper at different temperatures
(https://www.copper.org/resources/properties/144_8/)
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The ductility of OFHC copper could affect the formation of surface defects in diamond
cutting process in two aspects. Firstly, a higher ductility usually leads to a larger chip
compression ratio which corresponds to a larger cutting force. Secondly, a higher
ductility tends to yield a higher degree of plastic deformation of the machined surface.
With the assistance of laser heating in diamond cutting process, the ductility of the
OFHC copper workpiece was reduced, and thus led to a reduction of cutting force and
plastic deformation of the machined surface. It is the combination of smaller cutting
force and lower degree of plastic deformation of machined surface that contributed to
the alleviation of the formation of surface delamination defects. As a result, the surface
quality was improved while using laser to assist diamond cutting of OFHC copper.

This part of work may enhance our understanding of the influence of thermal effects on
the machinability change of OFHC copper, and is also helpful in designing suitable
experiment parameters in diamond machining OFHC copper so as to improve the
surface finish.

5.4 Summary

The surface finish of OFHC copper deteriorates in ultra-precision machining, as surface
defects, such as delamination, form when the depth of cut is relatively large. In this
research, we investigated the factors responsible for the formation of surface defects. It
was found that the formation of surface delamination of OFHC copper in the diamond
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cutting process was a result of large cutting force and large plastic deformation at the
machined surface. Laser heating of the workpiece was conducted to investigate its
effect on the cutting performance of OFHC copper. The main conclusions are as follows:
1. The surface roughness of OFHC copper at the bottom of the groove increased with
increasing depth of cut. The relationship between surface roughness and depth of
cut can be described by an exponential function, while the surface roughness of the
machined C37700 brass groove surface is almost invariant with increasing depth of
cut, and the relationship is almost linear.
2. The formation of surface defects, mainly the delamination-like defects, were
responsible for the deterioration of the surface quality at large depths of cut of
OFHC copper. Finite element modelling was used to help understand the formation
of delamination of OFHC copper during the cutting process. The formation of these
defects was suspected to be influenced by plastic deformation and the stress state
of the workpiece material at the machined surface.
3. Laser heating was found to be beneficial for the suppression of surface delamination
of OFHC copper at large depths of cut, and thus led to the improvement of surface
quality. It could be explained by the influence of temperature on ductility of OFHC
copper, that when temperature increases, its ductility will reduce.
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Chapter 6 Overall conclusions and suggestions for future
studies
6.1 Overall conclusions

The use of diamond tool to generate structured surfaces with high precision to achieve
designed functions is becoming a popular and important technique in recent years.
Components with very small surface roughness around several nanometers and high
form accuracy within 0.1 µm can be fabricated with the diamond machining method
which found wide applications in many opto-electronic products. Normally, these high
precision components are made of materials that are not only diamond machinable but
also have excellent machinability. However, there are technical or economical
restrictions on the use of ultra-precision machining such as for machining brittle
materials or when a large depth of cut is required. In this study, the laser approach was
adopted to assist in the diamond cutting process. Two aspects of using lasers to assist
machining were investigated. This research therefore can be divided into two parts. Part
1 is an exploratory study on the use of diamond tool to perform the final shaping of a
silicon groove roughly cut by laser. In part 2, the focus was on the investigation of the
reasons for the formation of surface defects of OFHC copper in the diamond cutting
process, and is concerned with the performance of laser heating on the reduction of
surface defects of OFHC copper in the diamond cutting process. The overall
conclusions are as follows:
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1. A hybrid machining process combining laser grooving and diamond shaping.
In order to increase the machining efficiency as well as reduce tool wear in fabricating
silicon lenticular lens mold inserts used in precision glass molding, a hybrid machining
process combining laser grooving with diamond shaping was proposed. A feasibility
study was performed to investigate the influence of various laser and diamond cutting
parameters on the machining performance. Firstly, a laser micro-machining device was
designed and set up to perform laser grooving experiment. This experimental setup was
composed of three parts: a three-dimensional motion platform, a laser controller and
transmission module and a visualization module. The influence of the laser parameters
on the grooving depth was investigated systematically. It was found that there was a
linear relationship between the laser power and laser grooving depth, and also the
relationship between laser scan speed and laser grooving depth. While the effect of the
defocus depth on the laser grooving depth was non-linear. Grooves of various depth
were generated on the silicon workpiece surface with the designed profile shape.
Secondly, diamond shaping of laser generated grooves was conducted to investigate the
influence of the finish cutting depth on the surface quality of the machined grooves.
The experimental results show that the surface roughness of machined grooves can be
improved by reducing the finish cutting depth. When the finish cutting depth was 4 μm,
the surface roughness was 644 nm, and was reduced to 126 nm when the finish cutting
depth was 0.2 μm.
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2. Diamond cutting of OFHC copper assisted with laser heating
Because of the high thermal conductivity and high purity of OFHC copper, it is the
most suitable material to make high power laser mirrors which require high quality
defect-free surfaces to ensure a high laser damage threshold can be achieved. While the
cutting performance of OFHC copper in ultra-precision machining is sensitive to
machining parameters, the machined surface quality of OFHC copper deteriorates
quickly with the increasing cutting depth. In this research, a taper cutting experiment
was conducted to study the relationship between surface roughness and depth of cut. It
was found that the surface roughness of OFHC copper at the bottom of machined
grooves increased dramatically with increasing of depth of cut. The relationship
between the surface roughness and depth of cut could be described by an exponential
function. As a comparison, the surface roughness of machined C37700 brass grooves
remained almost invariant with increasing depth of cut. The experimental result showed
that the formation of surface defects at large depths of cut, which were mainly exhibited
as delamination, was the reason that causes the surface roughness of machined grooves
in the OFHC copper workpiece to increase. The factors that are responsible for the
formation of surface defects were investigated. By comparing with the experimental
result of brass, the formation of surface defects of OFHC copper was suspected to be
influenced by plastic deformation and the stress distribution of the material at the
machined surface in the diamond cutting process. FEM was conducted to help
understanding the formation of the delamination of the OFHC copper during the
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diamond cutting process. It was suspected that the formation of surface delamination
on the OFHC copper workpiece was influenced by plastic deformation and the stress
state of the material in the subsurface area in the diamond cutting process. Laser online
heating of the material at the cutting region was introduced to the diamond cutting
process to investigate its effect on the cutting performance of OFHC copper. It was
found that the formation of the surface delamination defects in the diamond cutting
process can be alleviated by using laser heating to assist the machining, and thus led to
a better surface quality of the machined grooves of OFHC copper at a relatively large
depth of cut.

6.2 Suggestions for further studies

In this research, two aspects of using laser to assist machining were investigated which
demonstrated the benefits of the use of a laser in the diamond cutting process. So far
only pilot feasibility studies have been conducted and further optimization of the
equipment and process is needed.
1) For the laser diamond hybrid machining process which was aimed at machining
silicon lenticular lens mold inserts, the surface quality of machined parts is far from
satisfactory, and further research is needed to investigate how to improve the surface
quality of the machined grooves, such as further reducing the finish cutting depth
using a negative diamond tool in the finish cutting process or in seeking other
appropriate post-polishing methods.
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2) For investigation of the surface defects of OFHC copper in the diamond cutting
process, there are many factors that could influence the formation of surface
delamination, such as the grain size of the workpiece, tool wear and the tool rake
angle that were not addressed in this research. These could be possible future
research directions in order to get a better understanding on the formation of surface
delamination
3) LAM of brittle materials in conventional machining process has been well
researched already. Laser assisted ultra-precision machining of brittle materials
could also be a future research direction, since little work has been done in using a
laser to assist machining brittle materials in ultra-precision machining process.
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