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The machinability of metals and alloys is well-known for being affected by the
cutting conditions, cutting tools and material properties. A high quality surface finish
can be obtained by the use of advanced machine tools based on single point diamond
turning (SPDT). However, no matter how accurate the machining system is, the limit of
performance is determined by the tool/workpiece interaction during the chip removal
process at the micro- and nano-scale levels. In particular, the dimensional accuracy and
stability of the machined surface depend on the metallurgical properties of the surface
before and after machining, such as the plastic deformation, microstructural changes,
phase transformations, etc. Good surface finish and low cutting force are associated
with a high shear angle, which is characterized by continuous chip formation and is
intimately related to the properties of the workpiece materials. The chip formation
process involving the dynamic interaction of the cutting tool and microstructural state
of the workpiece is decisive in determining the surface quality and integrity of an ultra-
precision machined surface. However, little attention has been paid to studying the
effect of material properties on the machined surface.
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As an alternative to traditional thermal and mechanical processes,
electropulsing treatment (EPT) has been widely applied to materials processing to
improve the mechanical properties by means of inducing microstructural changes,
refining grain size, and improving dislocation distributions, etc. In EPT, critical electric
current pulses can be applied to pass through the materials with the high current density.
The treatment can be done so efficiently that only one thousandth of the energy is
needed and as little as one thousandth of the time is taken compared with a
conventional furnace treatment. The electropulsing treated materials are expected to

have better ductility and better machinability in terms of the achievable surface finish.

An attempt is made in this thesis to design an optimal EPT condition to obtain a
work material with better machinability and a fine grain microstructure, which are also
conductive to the high-quality surface finish by ultra-precision diamond turning. The
thesis is divided into two parts. In the first part, microstructural evolution, phase
decomposition and dislocation dynamics are investigated under various types of EPT.
In the second part, the micro-cutting experiments on EPT treated work material Mg-
9Al-1Zn alloy (AZ91) have been conducted by SPDT processing. The machinability of
electropulsing treated materials under different cutting conditions is studied in ultra-

precision diamond turning.

In the first part of the study, the effect of EPT on microstructural changes, phase
transformations, and dislocation dynamics has been studied under static and dynamic
EPTs. In the static EPT with cold-rolled specimens, decomposition and precipitation of
the B phase are tremendously accelerated with increasing frequency of electropulsing,

and both twins and the dislocation density are reduced in the process. For the
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specimens under dynamic EPT, it is found that the P phase decomposition is
considerably accelerated compared with the conventional thermal processing. The
deformation twins disappear, the dislocation density decreases, and a homogenous

structure with fine grains is achieved.

In the second part of the study, machinability of the EPT treated work materials
is investigated under face turning and straight cutting experiments in SPDT. It is found
that the cutting forces are significantly reduced and the surface roughness is improved
with the increasing frequencies of EPT. The machinability changes are investigated
from the point of view of dislocation dynamics. The serrated chip morphology with
macroscopic shear bands is identified as one of the characteristics in micro-cutting, and

the shear band projection length is extremely high compared with shear band thickness.

This research is multi-disciplinary and cuts across disciplines, from materials
science to machining engineering. It aims at developing a framework to gain a better
understanding of EPT and the diamond turning process, which in turn enables the
control of the surface quality of the machined surface. The results of the study lead to
the design of high quality materials suitable for ultra-precision diamond turning in a
wide range of alloys through EPT. It also gives rise to the provision of practical
guidelines and a data basis for creating high quality materials, which possess a fine
grain structure and low residual stress for manufacturing precision components that

demand ever-higher surface stability.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Motivation

Single point diamond turning (SPDT) is one of the most effective cutting
techniques to produce optical quality components in ultra-precision machining
technology (Ikawa, 1991). As the demands for high tolerance optics products increase
rapidly with manufacturing technology, the quality of the machined surface becomes
much more crucial. The difference between conventional and ultra-precision diamond
turning, lies not only on the factors such as cutting conditions, cutting tools and
machine tools which affect the surface finish in machining, but also on the material
behavior such as deformation behavior, ductility, residual stress, swelling of material at
sub-micro depths of cut (Ueda et al., 1991; Inanura et al., 1990; Zhang, 1986). It was
reported that the dimensional accuracy and stability of the machined surface depends
on the metallurgical properties of the surface before and after machining (Lee et al.,
2000), such as plastic deformation, residual stress, material swelling and phase
transformation. In order to achieve good surface finish, low cutting force and a high
shear angle should be expected in the ductile mode of continuous chip formation
(Furukawa et al., 1988). The dynamic interaction of the cutting tool and the
microstructural state of the workpiece at the surface during the chip formation process
are very complicated, and together they plays an important role in determining the

quality and integrity of the ultra-precision machined surface. Moreover, as the inherent

1
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materials factors which would affect surface finish, including material swelling,
anisotropy and crystallographic orientation, cannot be eliminated or minimized by the
optimization of the process parameters and machine design, the surface roughness is
restricted in the machining system. To enhance the precision of the machined surface,
residual stress and swelling should be decreased from the aspect of material properties.
As shown in previous research (Yang et al., 2001), the electropulsing effect can reduce
the residual stress of the processed materials, which would be a feasible method to

improve the quality of the machined surface in the micro-cutting process.

As an alternative to traditional thermal and mechanical processes,
electropulsing treatment (EPT) has been widely used in material processing to improve
the mechanical properties, including the healing effect of cracks and flaws, the refining
of grain size, and the improvement of elongation ratio, which is the ratio of the
materials elongation length to its original length. It was firstly discovered in the 1960s
(Troitskii et al., 1973) that with the application of high-density current pulses, the
residual stress in work material could be reduced. Thereafter, extensive studies have
also been carried out to examine its effect on recrystallization, phase transformation
and dislocation movements in electropulsing treated materials (Conrad et al., 2001).
Although the EPT process can reduce the deformation resistance and improve the
surface integrity of the material, the pre-machining treatment has not been implemented
in ultra-precision machining technology, which can produce optical quality components
with submicron form accuracy and surface roughness within a few or tens of

nanometres
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In this research, the effect of EPT is studied from the viewpoint of
microstructural changes, and focuses on phase transformations, grain structure changes
and dislocation movements. On the basis of study of EPT, the advantages of pre-
machining EPT treated work materials are investigated in single point diamond turning,
focusing on the consequential microstructural changes, cutting force variations and the

improvements on surface roughness of the machined surface.

1.2 The Research Problem

In the past decades, the majority of research focused on the mechanism of ultra-
precision machining, such as optimizing cutting parameters (Born and Goodman, 2001),
and conducting computer simulation to study the cutting mechanics at the micro-scale
(Ueda et al., 1992). Considerable attention has also been devoted to the modeling and
simulation of the topography of the machined surface (Akedo, 1993). Unfortunately,
little research has been conducted on the influence of materials properties on the
surface quality in single point diamond turning. Moreover, few studies consider
developing an appropriate material for achieving high surface quality in ultra-precision
machining. Thus the research concerning the micro-scale rather than the macro-scale
study, such as microstructure of the machined surface and phase transformation, has
made little progress. A surface finish with high form accuracy and surface roughness
still relies on the experiences and skills of the machine operators. The materials factors,
including microstructure and phase stability of the machined surface in SPDT, have

drawn even less attention in this area. Therefore, a thorough investigation on the
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influence of these materials factors on the surface quality in SPDT is of urgent and

paramount importance for practical applications.

This thesis is dedicated to introducing EPT into the field of ultra-precision
machining with a set of machining experiments on SPDT. The project can be divided
into two parts. In the first stage, the effects of electropulsing in static and dynamic
states are investigated on AZ91 alloy, which focus on the microstructural changes,
phase transformations and dislocation movements; in the second stage, the materials
after electropulsing treatment are machined by SPDT. Changes in surface roughness
and cutting force are studied and compared with specimens without EPT, and the chip

morphology during the turning process is also investigated.

1.3 Objectives of Study

The main goal of the study is to gain a better understanding of the effect of EPT
on the microstructural changes and phase transformations of AZ91 alloy. An optimal
EPT process is designed to obtain high quality work materials suitable for ultra-

precision diamond turning. The objectives of the study are:

(1) To study the effect of static and dynamic EPT on the microstructural

changes and phase transformations of AZ91 alloy;

(i1)) To investigate the machinability of electropulsing treated materials under

different cutting conditions by ultra-precision diamond turning; and
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(iii)) To explore an ideal material by EPT in order to improve the surface

quality in ultra-precision machining.

To achieve these goals, AZ91 alloy is electropulsing treated under various EPT
parameters, and then facing and straight cutting are conducted by SPDT. With an
insight on the microstructural changes and phase transformations induced by EPT, the
machinability in SPDT is investigated focusing on the cutting force variations, the

surface roughness and chips morphology.

1.4 Organization of the Thesis

The thesis is divided into six chapters as follows:

In the first Chapter, the background of the study is introduced, the research
problem is discussed and the objectives of the study are stated. In Chapter 2, a literature
review on the theories of electropulsing treatment, the effect of EPT on microstructure,
an overview of ultra-precision machining, and the development of the SPDT process
are addressed. The experimental set-up and measurement methods for investigating
materials properties are introduced in Chapter 3. The effect of both static and dynamic
electropulsing treatment on microstructural changes of AZ91 alloy under various
conditions of EPT are studied in Chapter 4, focusing on the EPT induced phase
transformations and dislocation changes. In Chapter 5, surface roughness and cutting
force of materials by single point diamond turning after various electropulsing
treatment parameters are investigated in detail, and the chip morphology is also
discussed. Final conclusions and recommendations for further studies are given in

Chapter 6.
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Chapter 2 Literature Review

2.1 Overview of Electropulsing Treatment

The electropulsing effect is a phenomenon in which the properties of materials,
including various metal materials, ceramic materials, superconductor materials and
metallurgic powder products, are transnatured by the application of a high-density
current pulse. The drawing force and the ultimate tensile strength decrease, and the
plasticity and the elongation ratio improve significantly. As an alternative to traditional
thermal and mechanical processes, EPT has been recognized for its high efficiency and
low cost. In recent years, the influence of an electric current on the following solid state
transformations in metals are considered to be the crucial parts of the study: (1)
interfacial reactions leading to intermetallic compound formation, (2) precipitation
(ageeing) of substitutional and interstitial solutes, (3) crystallization of amorphous

alloys and (4) recrystallization and grain growth following cold work (Conrad, 2000).

The phenomenon was first found in the 1960s by a Russian scientist in
experiments in drawing a Zn single crystal with radiations of electrons. It was found
that with the radiation of the electrons, the drawing stress was decreased (Troitskii,
1963). It later became a subject of greater interest. Okazaki (1962) reported that under
constant-strain-rate conditions, stainless steel wires subjected to current pulses varying
in intensity between zero and 8000 A/mm’ experienced stress relaxation during the

pulses. Since then, the applications of EPT are booming in the materials science and
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engineering fields, such as electroplasticity (Yang et al., 2001), electromigration (Lloyd
et al., 1999), enhanced powder densification (Mishra, 2000), recrystallization (Xiao et
al., 2002), and healing crack and damages (Zhou et al., 2000). In recent years, more
work has been conducted in this field, and simultaneously many more problems have
been confronted. Research on the effect of electropulsing treatment on material
properties in ultra-precision machining is an area full of challenges and is of great

significance.

2.1.1 Theories of Electropulsing Effect

Since the Russian scientist Troitskii (1963) studied in drawing a single Zn
crystal, and Conrad (1989) experimented on the recrystallization of copper, numerous
research have been carried out on the electropulsing effect (EPE) mechanism, from

different aspects of the respective theoretical basis.

(i) Electric wind force

In drawing a Zn single crystal with radiation of electrons, it was found that the
drawing stress was decreased. Troitskii (1984) claimed that when the electrons were
introduced into the wire drawing process, the electrons gave a force to the dislocations,
which led to the movement of the dislocations and their homogeneous distribution. The
explanation was that with the introduction of current pulses, the electrons would exert a
force named “electro wind force” on the dislocations and enhance their movement so as
to scatter the tangles of dislocations, thus leading to an increase in the plasticity of the

material.

(1)) Magnetic field effect
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When current pulses were introduced into a metal wire drawing process, the
motion of dislocations was hindered by a pining center of paramagnetic character, and
the diffusion rate was strongly affected by the magnetic field induced by the current.
Such a model was established on the assumption that the principal cause of the electro-
plastic effect was the increase in the length of the free dislocation segments in the
current- induced magnetic field, and the paramagnetic character of the pining centers

was another important assumption.

2.1.2 Development of Electropulsing Treatment

Electropulsing treatment is the key technique in the manufacture of high quality
metal parts. Currently, many experiments have been done on drawing Zinc, Copper
single crystal, dual-phase austenite and martensite, and stainless steel wires. Since the
EPE was found, the phenomenon has been used in machining many hard to work
materials: Tang (1998) investigated the application of electro-plastic processing
technology for the cold-drawing of steel wires, mainly focusing on the properties of
Cr;7NigMns and 4J42 alloys in the process. It was found that the drawing stress
decreased by about 20-50% with the application of electric current pulses. For CrjgNio,
the drawing stress decreased to about 50% compared with the conventional wire-
drawing process. Simultaneously, the plasticity of the material is significantly
improved. Due to the application of electric current pulses, a better surface quality than
that drawn by the conventional process is expected. When a density of approximately
10> A/mm* for about 20 ps current pulse is applied to the drawing process of

Cr7NigMn3 and 4J42, the drawing force and the ultimate tensile strength decreased, the
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plasticity of the wire and the elongation ratio improved significantly. Moreover, there
was an increased velocity of the steel from 9 m/min to 60 m/min, which is the velocity

used in the actual production process in the factory.

At present, the main fields of international research include: research on
paramagnetic or ferromagnetic metals; dual phase crystals or single crystals;
superconductive materials; application on producing accurate parts for the aero fields.
The influence of an electric current on the following solid-state transformations in

metals is considered to be the crucial parts of the study:

(1) Inter-metallic compound formation and growth in diffusion couples;
(2) Precipitation;
(3) Crystallization of amorphous alloys; and

(4) Recrystallization and grain growth of cold worked metals.

The formation and growth of inter-metallic compounds are in qualitative accord
with electro-migration theory. Regarding precipitation, an electric current can either
enhance or retard the precipitation rate, depending on the alloy, the current density and
its frequency. Although electromigration plays a major role in the phase transformation
process, many factors including the quenched-in vacancies to various sinks and the
local internal stress are also important considerations. Both a continuous direct current
(DC) and high current density electropulsing enhances the crystallization rate of
amorphous alloys. The effects of EPT are greater than the simple electro-migration
theory, and it suggests the cooperative motion of a larger number of atoms. Electro-
pulsing enhances the recrystallization rate of cold worked metals, but retards

subsequent grain growth (Conrad, 2000).



Chapter 2 Literature Review

Research on microstructures under electropulsing was also conducted on
amorphous materials. It was reported that amorphous Fe;5SigB3 ribbons were nano-
crystallized by using high current density electropulsing instead of the usual annealing
(Teng et al., 1995). Crystallization under electropulsing suggested that a resonant
collective motion of many atoms and modification of the thermodynamic parameters in
amorphous alloys would occur (Mizubayashi et al., 2001). The maximum stress
impedance ratio of 350% was obtained in amorphous Fe73 sCu;Nb;Sij3 5By ribbons in
optimal conditions of current annealing (Li et al., 2002). Electropulsing would also
induce many factors which would cause nanostructure transitions, such as high-rate
heating, rapid cooling, thermal stress, reduced thermodynamic energy barrier, high-rate
electron impacting, and accompanying phase transformation (Zhang et al., 2003). The
dominant factor determining the microstructural changes depends on the material and

experimental conditions.

2.1.3 Effect of Electropulsing on Microstructural Changes

As an alternative to traditional thermal and mechanical processes, EPT has been
recognized for its high efficiency and low cost. Extensive studies have been carried out
in the areas of precipitation diffusion, recrystallization and dislocation movements,
crack healing, nucleation rate changes, nano-structure formation and electro plastic

effects.

Campbell (1984) reported that with precise frequency control it was possible to

completely suppress the carbon precipitation in the quench aging process of low carbon
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steel. By applying electropulsing treatment of 1000 A/cm? current at 100 Hz, the age
hardening behavior could also be reduced. This phenomenon is attributed to the fact
that when the frequency of the pulsed current matches the carbon atom jump frequency
towards a vacancy, precipitate nucleation in the iron would be under scrutiny. Li et al.
(1998) also reported that the electric current would help the segregation of impurity
atoms at the grain boundaries. In 2004, it was found that electric current improved long
range diffusion of the B phase precipitation in Cu-Zn alloys (Zhou et al., 2004).
Classical electromigration theory failed to explain the order of the increased diffusion
rate needed for supporting the formation of the microstructure. The assumption of the
dramatic increment in the diffusion coefficient and the decrease in the activation energy

is raised to explain the phenomena.

The effects of electropulsing on dislocation movement and recrystallization
were first reported by Conrad (1983). It was found that the application of direct current
electropulsing on cold worked copper would result in a refined microstructure. Short
treating time, high heating rate, accelerated nucleation and lower final dislocation
density under electropulsing conditions might cause this phenomenon. Dislocation
structure in an electropulsed specimen was also found to be vastly different from that of
a thermally treated one. It was proposed that the movement of dislocation enhancement
by electropulsing treatment was caused by (1) electron wind effect (2) localized atomic
scale heating (3) increment of the dislocation vibration frequency and (4) improvement
of the sub-grain coalescence. It was also found that a recrystallized nucleus would form
in the lower dislocation density region, while boundaries would form in the higher

dislocation density region when the dislocation density gradient accumulated to a
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certain level. The nucleation rate in recrystallization under electropulsing treatment was

reported to be 10* times higher than in the conventional treatment methods.

The crack healing effect by electropulsing treatment was firstly reported by
Conrad (1991). The voids or cavities of 7475 aluminum alloy were healed by using
electropulsing treatment. Tang and Yao (2000; 2001) also reported the improvement of
surface finishing, scratches healing and micro cracks healing by using an electric
current. Qin (2001) developed a rigorous theory towards understanding the healing
effect of EPT. The thermodynamic driving force for healing cracks was calculated, and
was found to be proportional to the square of current density. For better crack healing,
the electropulsing treatment should be controlled considering following factors: (1) the
temperature rise by joule heating should be lower than the structural transformation
temperature in the bulk material, but higher than the melting temperature at the crack
region (2) the electric current should be above certain value (30-60 A/cm?) depending

on the material.

Fig. 2.1 Surface morphology of as drawn wire deformed (a) without and (b) with
electric current treatment (after Yao et al., 2001)

The effect of electropulsing on the nucleation rate has drawn attention ever

12
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since the 1980s. Conrad (1984) reported that the colony size of the cast tin lead alloy
under electropulsing was reduced significantly under electropulsing treatment. Qin
(1998) developed a quantitative relationship between nucleation rate and applied
electropulsing parameters. The excess free energy for a spherical nucleus under
electropulsing was calculated, and it was found the application of a low electric pulse
of about 10° A/cm” would decrease the grain size. However, the influence of the pinch
force and joule heating was ignored in the theory, which could play an important role in
a high current density situation. High current density electropulsing experiments with
10.5 KA/mm?® and of 130 ps duration were made on low carbon steel, and the results
showed dramatic changes in the microstructure. Application of electropulsing with
current density up to 10'® A/m* was used on some metallic alloys too. For cold worked

H52 Cu-Zn alloy, the randomly oriented grains were of three orders of magnitude

smaller than the original size.

-

Fig. 2.2 SEM micrographs of annealed sample (a) without current and (b) current
density 10.5 kA/mm?, under pulse duration for 130us (after Zhou et al., 2002)

13
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The electro plastic effect is the application of electric current on metals that
reduce deformation resistance and strain hardening, while increasing the materials’
plasticity. Li (1998) reported softening behavior of Zn 5wt%-Al alloy with reduced
flow stress, decreased creep rate, increased strain hardening rate and a strengthening
property by using a 3.2 KV/cm electric current. Cao (1990) also reported high electric
current would improve the hardening ability of 4030 steel during quench casting, and at
the same time reduce defects and micro twins in the material. For Cr;gNig austenitic
steel, decreases of ultimate tensile strength and increases of elongation were found by
using electropulsing treatment (Tang et al., 2000). It was assumed that the excess
energy in the electropulsing process provided activation energy for the dislocations to
overcome obstacles and thus reduce internal friction resistance. Livesey (2001)
conducted electropulsing experiments in silicon steel, and found the hardness decreased
linearly with increasing current density. Noticing that an optimal frequency existed for
the phenomena, Tang (2003) suggested that when the frequency of the input pulses
approached the substance wave in the material, an intensive elastic vibration of waves
with the same frequency would occur, thus enabling the movement of the dislocations
in the material along the flow direction at a high speed. This hypothesis was later
proven to be deficient, as the atomic vibration frequency is of much higher order than

the pulse frequency.

Although the EPT process can reduce the deformation resistance and improve
the surface quality of materials, it has not been widely implemented in ultra-precision

machining technology. This is one of the most used cutting techniques for producing
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optical quality components with submicron form accuracy and surface roughness

within tens of nanometres.

2.2 Overview of Ultra-precision Machining

The rapid development of advanced science and technology has given rise to
advanced manufacturing technology. Ultra-precision machining technology was firstly
established in the 1960’s using the precision machine tools available at that time for the
production of dedicated mechanical or optical parts of a particular advanced system
(Ikawa, 1991). In the 1970’s, the technique was applied for the production of a variety
of optical components, such as the production of mirrors for the inertial confinement
fusion reactor, due to its high precision, versatility and lower overall manufacturing
cost. Through the 1980’s, the technique, with the development of highly advanced
machine tools with sophisticated metrology and control, has resulted in extended
industrial use for the manufacturing of aluminum scanner mirrors, aluminum substrate
drums in photo copying machines and aluminum substrates for computer memory disks
(Mckeown, 1987). To meet the rapidly increasing demands for high quality optic
components in the field of advanced science and technology, including computer,
electronics and defense industries, and the operation of ultra-precision machining
process is widely used and has further evolved in the past few decades (Wilks, 1980;

Shimada, 1989).

Ultra-precision machining is defined as a cutting technique, which produces
optical quality components with sub-micron meter form accuracy and surface
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roughness within a few tens of nanometers. The technique is based on a high degree of
tool profiles duplication and relative tool work motions (Taniguchi, 1983). It makes use
of a mono-crystalline diamond cutting tool which possesses nano-metric edge
sharpness, form reproducibility in a sub-micrometer range and wear resistance. The
machining process is widely used to produce high quality molds, optical surfaces,
engineered surfaces, and its main field of application is the production of micro-parts.
A comparison of conventional and ultra-precision machining is listed in Table 2.1
(after Cheung, 2003). It can be seen that the machining accuracy of ultra-precision
machining is about 100 times better than that of conventional machining, and the
surface roughness is about 1000 times smaller. The ultra-precision machining can be
classified into five divisions: single point diamond turning (SPDT), ultra-precision
grinding (UPQG), two-axis milling, ultra-precision raster milling and ultra-precision
raster grinding. The ultra-precision single point diamond turning (SPDT) is an
advanced machining process known for its comprehensive features including its
capability to produce optical components with form accuracy of sub-micrometer range,

and its capability of producing components to the required accuracy at just one cutting.

Meanwhile, most research carried out mainly focused on the effects of materials
properties on ultra-precision machining, such as the cutting behavior and mechanism of
materials removal and chip formation (Yuan et al., 1992; Paul et al., 1996).
Considerable attention has also been devoted to modeling and simulation topography
(Chiu, 1997; Ueda et al., 1980). Unfortunately, few studies have been conducted on the

effect of materials properties on ultra-precision machining.
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Table 2.1 Comparison between conventional and ultra-precision machining (after
Cheung, 2003)

Type of process Conventional machining | Ultra-precision machining
Rough cut | Finish cut | Rough cut Finish cut
Feed rate 0.1-1 0.01-0.05 0.01-0.05 0.005-0.001
(mm/rev)
Spindle 100-300 200-300 1000-2000 2000-3000
speed(r/min)
C“t,ﬁ_ng Depth of cut | 0.1 mm-1 | 0.01 mm- 10 um-50 Ium-5 pm
conditions mm 0.1 mm wm
Tooling High speed steel tool Single crystal diamond tool
Carbide tool Industrial diamond tool
Ceramic tool
Industrial diamond tool
Machining | Roughness 10 pm- I pm-10 0.02 pm- Less than
part 100 pm pm 0.03 um (20 0.01 pm
nm-30 nm) (10 nm)
Machining Form I mm- 0.01 mm- I um-2 pm 0.3 um-
quality accuracy 0.5 mm 0.05 mm 0.5 um

2.2.1 Characteristics of Single Point Diamond Turning (SPDT)

SPDT is an advanced ultra-precision manufacturing technology, it employs a

mono-crystalline diamond cutting tool, and possesses a nanometric edge radius, form

reproducibility and wear resistance; SPDT can cut a workpiece with an extremely high

precision in a controlled machining environment. It is an important technology for the

fabrication of high precision components, such as optical, mechanical and electronic

products. The depth of cut being used in SPDT is in the order of a micrometer or less;
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as a result, micrometer to sub-micrometer form accuracy and surface roughness in the

nanometer range for the machined components can be achieved.

Firstly introduced in 1960’s, SPDT was developed to produce computers and
electronic components with simple cylindrical or flat shapes, such as disks for
computer memory systems (Ikawa et al., 1991). Owing to the military’s need for
optical components and the lack of industrial suppliers, this advanced manufacturing
technology began to transfer to industry in the 1970°s. The pioneering work by Bryan
(1979) was carried out for its application in producing optical components of complex
forms. Known for its high precision, versatility and low overall manufacturing cost,
SPDT made its way into industrial use for manufacturing aluminum scanner mirrors,
aluminum substrate drums in photo copying machines and aluminum substrates for
computer memory disks, all of which possess the surface finish in nanometers range
and micrometer sub-micrometer form accuracy. The extensive usage of SPDT has in
turn resulted in the fast development of highly advanced machine tools with
sophisticated metrology and control of diamond tools of reliable quality. Applications
are now used in the manufacturing of inserts for injection-molded plastic camera lenses,

and other optical parts with complex forms, like aspheric surfaces.

2.2.2 Work Materials

The selection of work materials plays an important role in the material removal
process, and the desired nanometric surface finish can only be achieved in some
specific work materials with good machinability (Evans, 1991; Fukukawa, 1988;

18
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Okuda, 1989). Machinability is used to rate ease of machining a material relative to
tool life, or surface finish produced. The basic machinability of a material is the
function of its chemistry, structure and compatibility with tool material. The basic
machining characteristics of iron, aluminum, titanium, nickel, copper and their alloys
are quite different due to the difference in chemical and physical properties of the base

metal.

The materials that can be machined by a diamond tool are those where the wear
rate is low enough so that reasonable surface areas can be produced economically.
They generally include most face centered cubic (FCC) elements, fundamentally non-
ferrous alloys such as aluminum, copper, nickel, gold, brass and bronze. Typical work

materials used in diamond turning can be classified into four main types:

(1) Ductile materials like copper and aluminum;

(2) Brittle materials like silicon and germanium,;

(3) Single crystal materials like KDP; and

(4) Amorphous materials like electroless nickel and PMMA.

Although relevant research has also been conducted in the machinability of
special materials like SiICw/Al composites and Al/SiCp composites (Yuan, 1993; Chan,

2000; Cheung, 2000), these materials are not commonly used in industry.

Ductile materials, such as aluminum, copper and nickel copper, which are
widely used in the mold and die industries, would suffer from the low specific stiffness,

the high thermal coefficient of expansion and the high oxidation when machined by
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conventional machining technique. However, the optical quality together with damage-
free surfaces on these brittle materials can be achieved by SPDT using fewer
manufacturing steps, comparing with the traditional grinding and polishing methods.
The theoretical basis for the diamond turning of ductile materials is better established
than that for the other types of materials, and the machinability of these materials has
been fully investigated a lot in the past decades (Okuda, 1989; Masuda, 1989). Sugano
(1987) carried out an investigation of the residual stress in diamond turning on
aluminum alloys and found that the effect of the slip in crystals on surface roughness
must be considered in the cutting process; the magnitude of the residual stress on the
work surface was also dependent on the nose radius of the cutting tools and the feed
rate. Black (1972) conducted research in large strain plastic deformation processes and
reported that the shear front-lamellar structures at the top of the chip were correlated

with grain orientations.

Brittle materials, including glass and silicon, are widely used for a variety of
devices that are incorporated into electronic, optical and laser optical products. The
cutting of brittle materials is performed by brittle fracture, and plastic chip formation is
only feasible at an extremely small depth of cut, which means that when an extremely
small amount of materials is removed, the material removal mechanism may change
from brittle fracture to plastic deformation. Nakasuji (1990) reported that the brittle-
ductile transition was dependent on the material properties, the magnitude of the
applied force and the volume of material to be removed. Meanwhile, the

crystallographic orientation in single crystals also played an important role in the
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transition, because the resolved stresses on the cleavage plane and on the slip plane

varied with their orientations (Kim, 1998; Yoshuda, 1990).

In addition, it is found that diamond cutting is well suited to cutting crystal
materials such as germanium, silicon, zinc sulfide, as well as polymers such as
polymethylmethacrylate (PMMA), polystyrene, and polycarbonate (Yuan, 1993; Ikawa,
1991; Lin, 1998). Ferrous materials cannot be machined by diamond tools as the
diffusion of carbon from the diamond tool to the workpiece leads to rapid tool wear,
and as the carbon is absorbed by the metal from the tool, the cutting mechanism

becomes very complex. Materials available for diamond turning are listed in Table 2.2.

Table 2.2 Work Materials in SPDT

Semiconductors Metals Plastics

cadmium telluride | aluminum and alloys acrylic
gallium arsenide | magnesium and alloys fluoroplastics

germanium copper and alloys nylon

lithium niobate electroless nickel polycarbonate

silicon gold PMMA

zinc selenide silver propylene
zinc sulphide zine styrene

2.2.3 Machine Tools

The cutting tools used in SPDT differ from those in traditional turning.

Improvements in surface finish and form accuracy in diamond turning have depended
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mainly upon advances in their design (Chiu, 1997). Initially, hydrostatic bearings with
either gas or fluid for machine tool spindles were widely used through their ability to
operate at submicron rotational accuracy (Bryan, 1979; Donaldson, 1982). In the
1960’s, air-bearing spindles enjoyed fast development and most significantly affected
progress in machining process (Kobayashi, 1978). Thereafter, with the introduction of
machine tools with high stiffness, laser position feedback, hydrostatic slide ways,
materials with high thermal stability and techniques to characterize machine tool errors
have also improved the diamond turning process (Kanai, 1983). The general
requirements for cutting tools in diamond turning are stable cutting in the submicron or
nanometer region, nanometric edge sharpness, form reproducibility and wear resistance.
The hardness is four times that of carbide, permitting the sharpness of its edge is the
range of 0.3 nm to 0.5 nm, about the level of the diamond’s atomic spacing, and the
sharper the cutting edge the tool possesses, the smaller the minimum depth of cut, and
consequently the amount of surface roughness the workpiece will suffer is reduced
(Ikawa et al., 1987; Zhang et al., 1986). The rounded cutting edge radius of diamond
tools can reach up to 0.01 um, and the critical edge radius was calculated to be about 2
nm based on the energy balance between the surface and elastic strain energies at the
cutting edge. Besides, a diamond tool also has a very high thermal conductivity, low
thermal expansion and a low rate of compression, giving it the capability of conducting
heat away from the cutting edge while maintaining its geometry. Samples of diamond

cutting tools are shown in Fig. 2.3.
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Fig. 2.3 Diamond Cutting Tools

2.2.4 Mechanics of Machining at the Micro-scale

The mechanics in ultra-precision diamond turning are very different from the
conventional machining process in the following aspects: the chips from diamond
turning are usually continuous and stable when being cut with a thickness of a few
nanometers. The feasibility of a nanometric chip removal suggests that an atomistic
approach to the removal process is appropriate; the force during the turning is also very
small, usually in the range of sub-newton level. Though it is difficult to measure, due to
its small magnitude, the force is influenced by size effect and the high ratio of the
normal to the tangential component of the cutting force, especially at very small depth
of cut. The cutting model of diamond turning depends on the interaction of the fine
depth of cut, finite edge radius of the tool, low ratio of depth of cut to edge radius,
quality of the cutting edge and minute amounts of wear on the clearance face of the tool.

The accurate cutting model can only be determined by the spatial extent of the zones of
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plastic deformation and the sliding contact lengths at the tool-chip and tool-workpiece
interfaces. The diamond tools damage are always in the form of cutting edge chipping,
when the stress level in a tool edge exceeds the strength of diamond at a specific
location, and in wear. They are also subject to thermo-chemical wear due to oxidation,
graphitization, diffusion and carbide formation. The surface finish of a diamond turned
part depends largely on the smoothness of the tool motion and the tool geometry.
The schematic illustration of the mechanics of machining at the micro-scale is shown in

Fig.2.4.

", Secondary slear zone

Tool Machined surface

LIncui rhj,pe__t ......
thickness

Primary shear zone Sarain elastic reovery and
bumishing against ool fank face

Compressive plastic oone

Fig. 2.4 Mechanics of machining at the micro-scale (after Cheung et al., 2003)

2.2.5 Cutting Forces in the SPDT

Cutting force is a parameter widely used to study the cutting mechanism in the
machining process. In single point diamond turning, crystallographic orientation has

been reported to have a significant influence on the cutting force (Lee et al., 1993).
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Sugano et al. (1987) reported that the cutting force increased with the cutting distance,
and a non-linear increase in the value of F; (thrust force) indicated tool wear. Lucca et al.
(1991) conducted research on the influence of the depth of cut to the cutting force and
showed that a significant fraction of mechanical energy was contributed by the plastic
work of the work material source when the cutting force increased with the decreasing
depth of cut. When the depth of cut becomes of the same order as the tool edge radius,
the effect on the overall force system by changes in the effective tool rake angle and
resultant plowing is very significant. It is called the “size effect” by Furukawa and
Moronuki (1988). Inamura (1993) reported that, a significant fraction of the mechanical
energy expended in the diamond turning process of copper is not associated with
material removal, but related to the redundant plastic work caused by the plowing of
the edge of the tools as well as the sliding of the flank face elastically loaded at the
machined surface. Lucca (1993) also reported that the redundant work resulted in

energy dissipation and the amount of dissipation depended on the tool edge geometry.

There was also some research conducted on the cutting force model. Predictive
cutting force models for flat-end and ball-end milling operations have been developed
by DeVor (1982). These models generalize the empirical relationship between the
instantaneous cutting forces and the chip load distribution for the range of cutting
conditions being investigated. They can also be used to predict the cutting forces when
the cut geometries are known. Due to the large number of empirical coefficients to be
determined for each combination of machining conditions before the force predication
can be actually conducted, these models are not suitable for use in milling simulation

and optimization. Drescher et al. (1990) proposed a tool force model in diamond
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turning with the work material of oxygen-free high thermal conductivity (OFHC)
copper and aluminum alloy 6061-T6. It suggested that the tool geometry and material
hardness had a large influence on the tool force. Arcona (1988) concluded that shear
angle did not change much with the depth of cut but varied according to the material
used; the shear angle decreased as the ratio of tool edge radius to depth of cut increased.
However, these models did not consider the effect of crystallographic orientation of the
work material. Lee et al. (1999) developed a microplasticity model to predict the effect
of crystallographic orientation on the shear angle and on the chip formation, as well as
on the variation of micro-cutting force. This model is the basis for studying material
induced vibration and its effects on surface quality. Milfelner and Cus (2003)
developed a simulation system to determine the cutting forces in the ball-end milling
process. This model considered many factors, such as tool geometry, work material,
and cutting parameters. However, optimization of cutting parameters cannot be

determined using this method.

2.3 Surface Quality in SPDT

In SPDT, the quality of a machined surface plays a very important role in the
functional performance of a product, especially in optical applications. A lot of
research has been conducted on the factors that contribute to surface quality. Sata et al.
(1985) found that the quality of the machined surface is influenced by tool geometry,
feed rate, material properties, spindle rotational errors and relative tool-work vibration.

Mitsui and Sato (1978) reported that the surface roughness affected by the relative tool-
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work vibration was almost equal to the whole amplitude of the vibration. This
argument, however, was undermined by experimental evidence provided by Tai (1980)
in that a surface finish better than the whole amplitude is often obtained in single-point
diamond turning. In general, these factors can be categorized into process factors and

the microstructures of the materials as listed in Table 2.3.

Table 2.3 Factors influencing surface quality in SPDT

Cutting conditions
. (spindle speed, feed rate)
Cutting geometry
Process factors Controllable Tool geometry
Dynamic Relative tool-work vibration
characteristics of
a cutting system
Crystal defects, grain boundaries
. Material Uncontrollable Nature of each phase
microstructures
Crystallographic orientation

Process factors include cutting conditions such as spindle speed, feed rate, tool
geometry and relative vibration between the tool and the work material. These factors
are closely related to the cutting geometry and the dynamic characteristics of the
cutting system, and can be minimized or even eliminated through a proper selection of
operational settings and better control of the dynamic characteristics of the machine
system. According to Cheung et al. (2003), the peak-to-valley height and arithmetic
roughness would decrease as a higher spindle speed is used in the cutting system. The
material microstructures include crystal defects and grain boundaries and the geometry,
shape, size and crystallographic orientation distributions of various phases, and the

nature of each phase. These factors are the inherent properties of the material, thus
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cannot be eliminated or even minimized by the optimization of process parameters and

machine design.

In process factors, the effect of spindle speed plays an important role in the
generation of machined surfaces. It is found that for aluminum and copper alloys, the
maximum peak-to-valley height, Rt, and the arithmetic roughness, Ra decreases with
increasing spindle speed (Cheung et al., 2003), and the surface roughness parameters
increase with increasing feed rate. It is also found that Ra decreases with increasing
tool nose radius for a small radius but increases at large radius. There is no systematic
relationship found between the depth of cut, the maximum peak-to-valley height and
the arithmetic roughness: as the depth of cut increases, the surface roughness is found
to vary unsystematically. For the tool geometry, tools having large negative rake angles
are generally preferred since a diamond tool with a negative rake angle will have
stronger edge strength to protect the tool from damage when brittle materials are
machined. However, the compressive stress on the work material yields plastic
deformation of the workpiece (Cheung et al., 2002). The appropriate negative rake
angle in the diamond turning of brittle materials exerts a high compressive stress on the
workpiece that inhibits the occurrence of extensive tensile cracking (Leung et al., 1998).
Relative tool-work vibration also plays a essential role in a machined surface. It
includes face error motion, axial spindle error motion, vibration of the machine and
foundations, and material induced vibration (Lee et al., 1999). These vibrations induce
surface modulation or waviness which is formed in both the cutting and the tool feed
directions as vibration occurs during machining and thus modifies the surface

roughness profile, significantly increasing the surface roughness. The high spindle
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speed and fine feed rate mentioned above also result in tool interference, a phenomenon
in which the chip is intended to be removed in the succeeding movement of the tool but

has been cut away by some of the preceding tool movements.

Since the depth of cut in SPDT is often less than the grain size (10 pm -100 pm),
material factors weigh heavily in the surface generation. It was found that continuous
chip formation of a lamella structure was formed under various depths of cut from 1pum
to 10 um, which indicated that there was a highly inhomogeneous strain distribution in
the chip (To et al., 1997). It was also found that the effect of the crystallographic
orientation on the cutting force played a significant role when the depth of cut was
above 1 um, however, when the depth of cut was below 1 um, a “size effect” was
dominant in the cutting process. When the depth of cut is much less than the average
grain size, the nature of the cutting becomes similar to that in the cutting of a single
crystal. The cutting behavior, the mechanism of chip formation and the generation of
surface roughness are considered to be dependent on crystallographic factors such as
the orientation, the slip system and the dislocation of grains that occurs (Ueda & Iwata,

1980).

Other factors influencing surface generation include the cutting friction, flood
coolant, etc. Cheung et al. (2003) conducted research on the effect of cutting friction on
the surface properties in diamond turning brittle single crystals. As the results showed,
anisotropy of surface roughness occurs in diamond turning when the cutting direction
relative to the crystallographic orientation varies successively. Moreover, the
anisotropy of surface roughness decreases while the mean arithmetic roughness

increases as the cutting friction increases. Kishawy et al. (2005) conducted research on
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the influence of flood coolant and dry cutting on tool wear, surface roughness and
cutting forces. Chen et al. (2003) studied the effect of the cutting temperature in high-
speed milling and presented an inverse heat-transfer model considering three-
dimensional transient heat conduction to calculate the heat flux and the temperature

distribution on the tool-workpiece interface in the high speed milling process.

The measurement of surfaces, the nature of surface roughness and surface
characterization have a close relationship with each other. Different measurement
methods and characterization techniques may give different data and information about
the surface topography. Surface roughness includes the tool traverse feed marks such as
those found in turning and grinding, and it is generally examined in a plane view with
the aid of optical or electron microscopy, in cross-sections normal to the surface with
stylus instruments and in oblique cross-sections with optical interference methods. The
profile measurement based on these methods evaluates the roughness parameters for
the test length that is treated as a specimen randomly selected from the surface. Surface
characterization can be regarded as the breakdown of the surface geometry into basic
components based on functional requirements, including various shapes, scales of size,
distribution in space and a multiplicity of boundaries in height and position (Cheung et

al., 2003).

The methodology for the characterization of surface roughness has drawn much
theoretical and practical attention. Traditional surface characterization methods relied
on surface roughness data in one cross section of the workpiece only, thus undoubtedly
inadequate to represent the vibration of the characteristics of the surface quality at

different regions of the surface (Whitehouse, 1994). The stylus method of measurement
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had been proven to be more useful because of its convenient output, ease of use and
robustness. However, strong experimental evidence has been raised that there is
localized variation of surface roughness due to the crystallographic orientation and
plastic anisotropy of the work material, thus making a single profile approach for the
surface roughness characterization inaccurate. Amplitude probability density function
(APDF), autocorrelation function (ACF) and 2D Fourier analysis for the
characterization of surface roughness are used as they are related to the whole surface
rather than to individual profiles, however the complexity inherent in these methods
makes them inconvenient for evaluation and specification purposes in practical
applications. Swelling ratio (SR) and coefficient of anisotropy (COA), which are
defined based on the power spectral density of the feed components in the surface
roughness spectrum, are also used to characterize the properties of swelling and plastic
anisotropy of single crystal materials (Cheung et al., 2003), and the degree of
roughness anisotropy (DRA) was used to measure the extent of localized variations in

surface roughness by Lee (2000).

2.4 Plastic Deformation in Chip Formation

The purpose of any milling and turning operation is to remove material in order
to achieve the required dimensions of the finished part; therefore a basic understanding

of the material removal process at the tip of the diamond cutting tool is very important.

Under different cutting conditions, such as varying depths of cut, workpiece
material, rake angles, cutting speed and machine rigidity etc., different types of chip

can be formed. The two basic types of chip are continuous and
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discontinuous. Continuous chips are usually formed when cutting soft or ductile
materials such as aluminum or copper, where there is less likelihood of chatter and
surface finish is usually better than when discontinuous chips are formed. A
disadvantage of continuous chips is the fact that they can become very long and
become entangled in the machine or pose a safety hazard. Discontinuous chips are
usually formed when cutting hard, brittle materials, partly because these materials
cannot withstand high shear forces and therefore the chips formed shear cleanly away

(http://machine-tools.netfirms.com).

In conventional machining, various chip formation models have been proposed.
Albrecht (1961) firstly developed analytical models for the chip formation process
based on the combined effect of shear and bending stresses in the shear zone, and
investigated the periodic patterns in segmented chips. Ostafiev et al. (1994) proposed a
trapezium shaped lamellar structure formation process, which took into account both
the plastic and elastic chip deformations in the contact length and contact load
distribution. Recently, the finite element analysis (FEA) method is used to model and
simulate chip formation and shear localization phenomena in the metal cutting process

(Wang, 2010).

In ultra-precision diamond turning, the chip formation can be classified into two
groups. The first one is caused by the plastic deformation on the slip planes, and the
second one is due to fracture on the cleavage plane. In the cutting process, the work
material under the shear zone is subject to a large compression deformation exerted by
the cutting tool, which leads to the distortion of the atomic arrangement and the

distribution of defects in the metal. A primary shearing process is triggered by the fine
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cracks produced near the vicinity of the tool tip, and due to the compression loading
ahead of the tool, many dislocations are moved towards the free surface. As the cutting
tool advances, the material is compressed in the cutting direction and a shear band
joining the tool to the surface of the work material is developed, which forms the chip.
Specifically, when a diamond cutting tool with zero rake angle penetrates into the work
material, it creates pressure at the contact surface and stress localization at the tool nose
area, which makes the material deform elastically (Lee et al., 2001). When the
dislocation is concentrated at the tool nose area above the yield point, plastic
deformation occurs by dislocation slip, twinning or shear banding. The multiplication
of defects occurring at the tool tip area and imperfections in the work material leads to

inhomogeneous strain. The detailed geometry of chip formation is shown in Fig. 2.5.

ake angle o

ary shear zone

Taol rake face

zanc

- .'I_ o .-- '*_ £
{ 1s E&‘ﬁ&ﬂ' — s Clearance angle

K‘ Shear angle & Warkpicee ;

Fig. 2.5 Geometry of chip formation and the deformation zone

In practical tests, the mean chip thickness can be obtained by measuring the

length /, and the weight W of a piece of chip. The mean thickness #, can be described as:

- @.1)
pwl
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in which p is the density of the material and w is the width of the chip. The

deformation coefficient £ can be defined as the chip thickness ratio between the
undeformed chip thickness #; to the deformed chip thickness #,. The chip thickness is
related to the tool rake angle (a) and shear angle (@). Assuming the work material is
incompressible and no side spread occurs, from the geometry of the cut it can be shown

that

4 2

—— = —— (2.2)

sing cosg@cosa+singsina
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Based on the above equations, the shear angles formed in the cutting process can be

estimated for different depths of cut (Cotterell et al., 2008).

One important effect that is not considered in the model above is the built up
edge. When particles of the workpiece material weld to the rake face of the tool during
cutting, a built up edge (BUE) can be formed as shown in Fig. 2.6. By accumulating
material against the rake face, and reducing the contact area between the chip and the
cutting tool, a large BUE would lead to excessive work hardening at the surface of the
workpiece, poor surface finish and a reduction in the dimensional control of the process.
However, a thin and stable BUE is generally considered desirable, as this can tend to

reduce frictional wear on the rake face of the tool.
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BUE deposit on

BUE deposits on the
machined surface

Fig. 2.6 Schematic illustration of built up edge (BUE)

2.5 Summary

In this chapter, a review on both the electropulsing treatment and ultra-precision
single point diamond turning is presented. The theories and experimental investigations
on the effect of EPT in microstructural changes and physical property improvements
are discussed in detail, and a thorough investigation on the ultra-precision machining
cutting process at the micro and nano-scale is conducted. The characterization of
surface roughness and research in cutting force and plastic deformation of chip
formation are also reviewed in detail. As EPT can improve the materials properties and
induce microstructural changes, it provides a feasible way to change the machinability
in the SPDT process. In this thesis, the effect of EPT on microstructural changes and
phase transformation are studied in Chapter 4, and on its basis, the machinability and

microstructural changes in SPDT after EPT of AZ91 are also reported in Chapter 5.
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Chapter 3 Characterization and Measurement

Techniques

3.1 Electropulsing Treatment

The series of electropulsing treatment experiments are carried out in this
research. A self-made alternating current (AC) generator is used to provide high
frequency electropulsing during the experiments, as shown in Fig. 3.1. The current

frequency and voltage values can be acquired from the monitor of the power generator.

Fig.3.1 Self-made electropulsing generator (Shenzhen Tsinghua Graduate

School)

The room temperature of the tensile test is 300 K, and the surface temperature
of the specimens during the electropulsing process is measured by using a contact

thermocouple as shown in Fig. 3.2. Accurate electropulsing parameters are acquired by
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using a Hall effect sensor (HDC3000H) as shown in Fig. 3.3 connected to an
oscilloscope (Tekronix-TDS 1002) as shown in Fig. 3.4. When the measured current
passes through the sensor, according to the Hall effect in electromagnetic theory, the
current is transferred into the Hall electric potential immediately, and the oscilloscope
measures this electric potential value. By monitoring the wave pattern and its peak and
trough, accurate frequency, amplitude and the root mean square (RMS) values of the

electropulsing current can also be acquired.

Fig. 3.2 Contact thermocouple Fig. 3.3 Hall effect sensor (HDC3000H)

Fig. 3.4 Oscilloscope (Tekronix-TDS 1002)
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3.2 Characterization of Microstructure

3.2.1 X-ray Diffraction

The phases of the specimens are identified by a Bruker D8 Discover X-ray
diffractometer and a Bruker D8 Advance X-ray diffractometer, which are shown in
Fig. 3.5 and Fig. 3.6 respectively. The XRD examination is carried out on the X-ray
diffractometer with nickel-filtered Cu K, radiation. A range of diffraction is selected,

and the scanning speed is 1 degree/min, with increments of 0.03.

Fig. 3.5 XRD (Bruker D8 Discover, Materials Research Centre, The Hong Kong
Polytechnic University)

Fig. 3.6 XRD (Bruker D8 Advance, Materials Research Centre, The Hong Kong
Polytechnic University)
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3.2.2 Scanning Electron Microscopy

Microstructures and phases of the specimens are observed by a scanning
electron microscopy (JSM-6490 JEOL SEM), and a field emission scanning electron
microscopy (Hitachi-S4800 ultra-high resolution SEM), which are shown in Fig. 3.7
and Fig. 3.8. In order to produce a medium resolution of atomic contrast among the
various phases involved, specimens after electropulsing treatment should be polished
before they are examined using SEM; however, for specimens with SPDT, no
mechanical polishing is needed because the specimens already have the surface

roughness at the nanometer scale.

Fig. 3.8 Ultra-high resolution field emission scanning electron microscopy

(Hitachi-S4800)
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3.2.3 Transmission Electron Microscopy

Examination of conventional transmission electron microscopy (TEM) is
carried out using JEOL 2010F field emission transmission electron microscopy (Fig.
3.9). In order to make electrons pass through the specimen, it must be very thin (usually
less than 100 nanometers thick). To obtain the thin foil specimens suitable for TEM
observation, the Gatan 691 precision ion polishing system (PIPS) is used in the
preparation stage. In PIPS, two miniature penning ion guns are adjusted to thin the
specimen. The rough thinning is carried out at a milling angle of 8° for a time
dependent on the particular material, and then a low angle of 4°, where the slow milling
layers protect the fast milling layers from the ion beam, is selected. To prevent the
preferential thinning that occurs when the ion beam passes along the cross-section
interface, the beam intensity during specimen rotation is modulated during the thinning

process, and the rotation of the specimen is kept at 3.5 rpm, as shown in Fig. 3.10.

Fig. 3.9 Transmission electron microscopy (JEOL 2010F field emission)
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Fig. 3.10 Precision ion polishing system (Gatan 691)

3.2.4 Metallurgical Microscopy

To obtain the optical metallograph of the electropulsed specimens, the
specimens are polished to gain a smooth surface without scratches, and then etched
with a solution of picric acid (6 g), acetic acid (20 ml), ethanol (50 ml) and distilled
water (20 ml). Metallurgical micrographs are observed by Olympus GX 51 microscopy
(Fig. 3.11) and HiROX KH-7700 digital microscopy. The straight-line intercept
procedure in multi-directions is used to measure the average grain size, in order to
prevent the departure from equiaxed or non-equiaxed grain shapes of the specimens in
any local portion. According to the “standard test methods for determining average
grain size” (ASTM E112-96), five vertical lines and five horizontal lines are drawn on
the metallographs, and when the test line intercepts with the grain boundary, one count
is measured; when the test line penetrates into a grain at the end, half a count is
measured.
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Fig. 3.11 Metallurgical Microscopy (Olympus GX 51, Shenzhen Tsinghua
Graduate School)

3.3 Single Point Diamond Turning

A two-axis computer numerically controlled (CNC) precision contouring lathe
is used for the ultra-precision cutting process, as shown in Fig. 3.12 and Fig. 3.13. The
machine incorporates a precision air-bearing spindle and contacting type linear bearing
slides, which provide ultra smooth, low friction motion of the critical moving
components. Total slide travel is 150 mm on the X-axis and 100 mm on the Z-axis. The
slide feed is bi-directional and infinitely variable up to 5,000 mm/min. The spindle
speed is infinitely variable from 3,000 to 10,000 rpm. The spindle is air cooled and is
driven by an integral AC drive motor, which allows acceleration and deceleration in
less than five seconds (http://www.sterlingint.com). The property parameters of the

turning machine are listed in Table 3.1.
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Fig. 3.12 SPDT machine (OptoForm 30, Advanced Optics Manufacturing
Center, The Hong Kong Polytechnic University)

Air bearing spindle Workpiece
N\ [ Diamond tool

Anode contact

Dynamometer

Machine base

Fig. 3.13 Schematic illustration of the OptoForm 30 SPDT machine (Advanced
Optics Manufacturing Center, The Hong Kong Polytechnic University)

43



Chapter 3 Characterization and Measurement Techniques

Table 3.1 Specification of single point diamond turning machine (Optoform 30)

Design Air bearing
Work spindle Speed range 3000 rpm-10000 rpm
Acceleration time <Ss
Design Precision contacting way
X Travel 150 mm
Slide ways Z travel 100 mm
Velocity 0.25 mm/min-1500
mm/min
Feedback system Linear glass scales
Feedback resolution 0.02 pm
Form accuracy 0.5 pm

3.3.1 Measurement of Surface Roughness

The roughness of a surface can be measured in different ways, which are

classified into three basic categories (http://www.zeus.plmsc.psu.edu):

(1) Statistical descriptors that give the average value of the surface height. It
includes arithmetic roughness Ra; the root mean square roughness Rq; skewness Sk

and kurtosis K;

(2) Extreme value descriptors that depend on isolated events. Examples are the
maximum peak height Rp, the maximum valley height Rv, and the maximum peak to

valley height Rmax; and
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(3) Texture descriptors that describe variations of the surface based on multiple

events. An example for this descriptor is the correlation length.

Among these descriptors, the Ra and Rqmeasures are the most effective surface
roughness measures commonly adopted in general engineering practice. They give a
good general description of the height variations in the surface. Arithmetic average
roughness Ra (Fig. 3.14) is obtained by measuring the mean deviation of the peaks
from the centerline of a profile trace. Rq is the root mean square deviation (RMS) of
the roughness profile ordinates. For a sine wave, Rq is 0.9 times the arithmetic average

roughness Ra.
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Fig. 3.14 Description of arithmetic average roughness Ra

The surface roughness of the specimens after completing SPDT process is
measured by WYKO NT 8000 (Fig. 3.15) and Taylor Surf PGI1240 (Fig. 3.16).
WYKO NT 8000 is a phase shifting interferometric instrument, and due to its
noncontact measuring nature, the surface of the specimens will not be damaged during

the testing process, and a three dimensional (3-D) surface topography of the machined
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surface can also be acquired. The system consists of a phase shifting interferometer, an
electronic interface unit and a computer. The phase shifting interferometer firstly
acquires the optical data of the specimen surface, and the topography of the surface can
be established on the basis of these data. In this process, both the paths of light
reflecting off the workpiece surface and the path of light reflecting off the reference
surface are combined inside the magnification head to produce fringes, which are
digitized and processed to give a 3D surface topography. The Phase Shifting
Interferometry (PSI) stitching mode is described for resolving the surface topography,
along the cutting direction with an objective lens of 20.5x, in which the sampling area

i1s 231 um x 309 pum, the array size 640x480, and the sampling size 482.85 nm.

Fig. 3.15 Non-contact interferometric measurement system (WYKO NT8000,
Advanced Optics Manufacturing Center, The Hong Kong Polytechnic
University)
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In order to get an unbiased view of the whole specimen, stylus type instrument
Taylor Surf PGI 1240 is used after the test using WYKO NT 8000. It is a contact type
measuring system used to measure the surface texture, waviness, dimensions and the
form of a diamond turned surface with a resolution down to 10 nm. The surface profile
of the specimen is measured by the automatic vertical movement of the stylus with a
lateral resolution of 0.8 nm across the surface. This movement is then converted into an

amplified electrical signal, which is filtered and analyzed by the computer.

Fig. 3.16 Contact stylus type measurement system (Taylor Surf PGI 1240, Advanced
Optics Manufacturing Center, The Hong Kong Polytechnic University)

3.3.2 Measurement of Cutting Force

The cutting force during the turning process is collected and analyzed. Before
each precise measurement, the specimens are cut for 6 times to achieve the same
flatness. Firstly, the force is picked up by a load cell mounted underneath the tool, then
these charges are fed into a piezoelectric force transducer (Kistler type 9252A) as

shown in Fig. 3.17. The captured signal is amplified by a charge amplifier, which
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transforms the signal into an analogue voltage output. These output voltage signals are
collected by the Tektronix TDS744A digitizing oscilloscope, and transferred into the
computer for further analysis. A schematic illustration of the signal flow in cutting
force measurement is shown in Fig. 3.18, and a photo of the system is shown in

Fig. 3.19.

Fig. 3.17 Piezoelectric force transducer (Kristler type 9252A)

Air Spindle Diamond Tool

T Kistler 9252A Force
I Transducer

Charge
amplifiers

PC software
analysis
Cutting force
| — DAQ Card
PCL-6132

Fig. 3.18 Schematic illustration of the signal flow in cutting force measurement
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The force transducer is calibrated by applying loads on the screw above the
diamond cutting tool, and by analyzing the voltage signal of this load. A linear
relationship can be established between the actual cutting force and the induced voltage
signal. The calibration process is carried out six times to get an accurate value, as

shown in Fig. 3.20.
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Computer
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Oscilloscope
Charge
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Fig. 3.19 Cutting force measurement system in single point diamond turning
machine (Advanced Optics Manufacturing Center, The Hong Kong
Polytechnic University)
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Fig. 3.20 Schematic diagram of cutting force calibration process

49



Chapter 3 Characterization and Measurement Techniques

The data of sampling frequency is 100 Hz, in total 10000 dots are recorded for
one record, and there are 120 records for each specimen throughout the whole cutting
process. For better accuracy, each specimen is cut 6 times. In order to obtain accurate
values, the commencement stage of cutting, which induces large vibration to the

specimen and the diamond tool, is excluded from the measuring process.

3.4 Summary

In this chapter, the equipment of both electropulsing treatment and the SPDT
machining process used in the experiments are introduced. The measurement methods
of the microstructure and metallographs, including SEM, TEM, and XRD are stated.
Especially, the measurement and characterization of the surface roughness and cutting

force are discussed, and the data analysis process is also addressed in detail.
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Chapter 4 Effect of Electropulsing Treatment on

Microstructural Changes

4.1 Introduction

The electropulsing effect is a phenomenon in which the properties of materials
(including various metal materials, ceramic materials, superconductor materials and
metallurgic powder products) may be improved by the application of a high-density
current pulse. As an alternative to traditional thermal and mechanical process, EPT has
been recognized for its high efficiency and low cost. Most of the studies on the effect
of EPT have already been carried out, including electroplasticity, recrystallization,
crack healing, phase transformations and dislocation movements (Conrad, 1991; Tang
and Yao, 2000; Qin, 2001; Li, 1998; Cao, 1990). There are two practical types of
electropulsing: static electropulsing and dynamic electropulsing (Zhu, 2009). The
former combines a thermal process and electropulsing. The latter is a complex thermal

process, which simultaneously combines both electropulsing and plastic deformation.

Research and application of magnesium alloys is booming nowadays thanks to
their excellent properties and flexible applications. The magnesium alloys were
reported to be widely used due to their comprehensive properties, such as low density,
high specific strength and stiffness, excellent machinability and good castability (Du,
2008). As one of the most widely and commercially used Mg alloy, AZ91 alloy with

nominal composition Mg-9Al-1Zn, known for its low density, high specific strength
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and stiffness, improved castability, is widely used as an ideal material for lightweight
construction. It is one of the most popular of the cast magnesium alloys. Compared to
conventional wrought magnesium alloys such as AZ31 and AZ61, the AZ91 alloy

shows better combinations of castability, plasticity and cost (Jiang, 2009).

In this chapter, effects of static EPT and dynamic EPT on microstructural
changes and phase transformations are described in detail for AZ91 Magnesium alloy,

through SEM, XRD and TEM techniques.

4.2 Material Preparation and Experimental Procedures

A series of experiments are conducted on the commercial magnesium alloy
AZ91 (9.1wt%Al, 0.9wt%Zn, 0.2wt%Mn, balance Mg). The material is homogenized
at 693 K in a graphite crucible electric resistance furnace for 16 hours, and
subsequently poured into a preheated iron mold at 593 K, which provides cuboid
shaped specimens of thickness 1.9 mm and width 4 mm, and then subsequently
extruded into a strip 2.90 mm width and 1.45 mm thickness. Differing in the
preparation methods and electropulsing styles, the AZ91 alloy prepared for the present
study can be divided into three groups: (1) as-tempered specimens for static EPT, (2)

cold-rolled specimens with static EPT, and (3) rolling specimens with dynamic EPT.
4.2.1 Static EPT on As-tempered Specimens

For the as-tempered specimens, the strip is electropulsing-rolled to a thickness of

1.0 mm. Multiple positive electropulses are applied while the strip is moving at a speed

52



Chapter 4 Effect of Electropulsing Treatment on Microstructural Changes

of 2 m/min over a distance of 225 mm between the two roller electrodes. The pressure
between the electrodes and strips is adjusted to keep good electrical contact without

causing deformation of the strip.

The rolled strip is tempered at 493 K for 12 hours, followed by natural cooling in
air. The tempered strip is cut into pieces 80 mm long, and subjected to EPT. During the
process, a jet-type oil cooling system is used to cool and protect the surface of the
specimen. The duration time of electropulsing is controlled to 10 seconds. The current
amplitude, root-mean-square value, frequency and duration time are monitored by an
oscilloscope connected with a Hall effect sensor. A schematic illustration of the EPT
system is presented in Fig. 4.1. Various electropulsing operational parameters, such as
pulse frequency, root-mean-square value of current density, amplitude of current

density and temperature are listed in Table 4.1.

Electropulsing generator

+ -

il inlet

Anode Cathode

AZ91 alloy sheet
Oil tank

Oil outlet

Fig. 4.1 The Schematic illustration of the static EPT system for as-tempered specimens
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Table 4.1 Experimental parameters of as-tempered specimens under static EPT

Specimen Frequency RMS (A) Amplitude | Temperature
No (Hz) (A/mm?) (K)
EPT 1 non-EPT - - 293
EPT 2 120 45.33 177.7 323
EPT 3 183 58.10 204.35 385
EPT 4 252 61.33 204.35 407

It is found that the temperature of the EPT specimen increases gradually with
the frequency of electropulsing. The higher frequency contributes to larger RMS values

of current density, which results in a larger Joule heating effect.

As introduced in Chapter 3, longitudinal cross-sections of the four specimens
under various frequencies of EPT were polished and then examined using
backscattered electron microscopy (JSM-6490 BSEM). These phases were also

identified by an X-ray diffractometer (Bruker D8 Discover XRD). Examination of

specimens is carried out using transmission electron microscopy (JEOL 2010 TEM).

4.2.2 Static EPT on Cold-rolled Specimens

In the second group, the extruded strip is cut to a 300 mm length, and then cold-
rolled to 1.15 mm thick. During the rolling process, the strip is moving at the speed of

2 m/min. A schematic illustration of the cold-rolling system is shown in Fig. 4.2.
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Fig. 4.2 A schematic view of the cold-rolling process

The middle parts of the cold-rolled strips with the length of 120 mm are
selected to take static electropulsing treatments. A self-made electropulsing generator is
applied to discharge positive direction multiple pulses with various current parameters
for 10 seconds. Multiple electropulses are applied with two electrical contactors by the
two sides of the strips. During the electropulsing process, the electropulsing parameters,
including frequency, root-mean-square current (RMS), amplitude current and duration
of the multiple pulses are monitored by an oscilloscope connected to a Hall effect

sensor, as listed in Table 4.2. The EPT process is schematically shown in Fig. 4.3.

Electropulsing
generator

+# AN L=

I=120
o Cathode

contactor
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contactor O \

Contact
thermocouple

Fig. 4.3 A schematic illustration of static EPT process

55



Chapter 4 Effect of Electropulsing Treatment on Microstructural Changes

Table 4.2 Experimental parameters of cold-rolled specimens under Static EPT

No. | Frequency (Hz) | RMS (A) | Amplitude (A/mm?) | Temperature (K)
EPT 1 non-EPT - - 293
EPT 2 151 71.62 274.2 335
EPT 3 209 79.81 265.1 346
EPT 4 253 104.57 319.84 428
EPT 5 294 121.52 347.26 507

BSEM (Hitachi-S4800 ultra-high resolution field emission scanning electron
microscopy) examination is carried out to observe the longitudinal cross-sections of the
specimens under various frequencies of EPT. An X-ray diffractometer (Bruker D8
Advance) is used to identify the phases. The metallurgical structure is observed by an
inverted microscopy (Olympus GX51). TEM examination is carried out using a

transmission electron microscopy (JEOL 2010).

4.2.3 Dynamic EPT on Rolling Specimens

In the dynamic electropulsing process, the extruded strip is rolled under
electropulsing. During the rolling, the strip is moving at a speed of 2 m/min between
two electrodes spaced at a distance of 225 mm. A self-made electropulsing generator is
continuously applied to discharge multiple positive pulses with various current
parameters on the rolling material, and it takes about 10 seconds for the strip to pass the
electrodes. The pressure between the electrodes and the strip is adjusted to keep good

electrical contact without causing deformation of the strip. During the dynamic
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electropulsing, the current parameters including frequency, root-mean-square current
(RMS), amplitude current and duration of multiple pulses are monitored by an
oscilloscope, and are listed in Table 4.3. A schematic illustration of the dynamic

electropulsing system is shown in Fig. 4.4.

Electropulsing generator

+ L=
I=120
Anode () = nﬂﬁﬂ Cathode
contactor - .\ - contactor
/' Contact \
AZS1 Strip thermocouple
Uncoiling unit Fecotling unit

Fig. 4.4 A schematic illustration of dynamic EPT process

Table 4.3 Experimental parameters of dynamic EPT

No. | Frequency (Hz) | RMS (A) | Amplitude (A/mm?) | Temperature (K)
EPT 1 non-EPT - - 293
EPT 2 126 52.00 211.2 316
EPT 3 204 63.05 237.6 349
EPT 4 265 89.53 256.5 359
EPT 5 309 100.19 271.6 390
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The longitudinal cross-sections of the specimens under various frequencies of
EPT are examined by a BSEM (Hitachi-S4800 ultra-high resolution field emission
scanning electron microscopy). The phases are identified by an X-ray diffractometer
(Bruker D8 Advance XRD), and a range of diffraction from 25° to 65° is selected. The
scanning speed is 1 degree/min, with increments of 0.03. The metallurgical structure of
the specimens is observed by an Inverted Microscopy (Olympus GX51), after the
specimens are etched by using the customized solution introduced in Chapter 3.
Examination of TEM is carried out using a TEM (JEOL 2010 transmission electron

microscopy).

4.3 Results and Discussion

4.3.1 Static EPT Induced Phase Transformations and

Microstructural Changes on As-tempered Specimens

The phases in the specimen are identified by a Bruker D8 Discover X-ray
diffractometer. The XRD patterns for the specimens under different parameters of EPT
are shown in the Fig. 4.5, with a range of diffraction from 25° to 85°. The non-EPT
specimen has typically a primary a-Mg phase matrix and a -Mg;7Al;; phase. As the
frequency of the electropulsing treatment increases from 120 Hz to 183 Hz, the peaks
of the B-Mg;7Al;; phase increase, which implies that precipitation of the B phase has
taken place; and as the frequency continues to increase from 183 Hz to 252 Hz, the

peak of the B phase decreases, which implies that a reverse phase transformation occur.
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Fig. 4.5 XRD patterns for as-tempered specimens under various frequencies of static
EPT

The microstructural changes were observed by BSEM. It is noticed that a phase
transformation occurs in the specimens after EPT at various frequencies. The
microstructure of the non-EPT specimen is shown in Fig. 4.6(a). The -Mg;7Al;, phase
appeared as lamellar clusters shown in circles; when the frequency of EPT increases
from non-EPT to 120 Hz and 183 Hz, the amounts of the B phase increase. The
microstructures of specimens after EPT, with frequencies of 120 Hz and 183 Hz, are
shown in Fig. 4.6(b) and (c). It is interesting to observe that the amounts of the  phase
decrease after EPT with 252 Hz. This is in agreement with the XRD patterns shown in

Fig. 4.5.
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For the phase transformations taken place in EPT, the decomposition process of
the B phase is defined as a way of up-quenching, and the precipitation process of the f3

phase is defined as a way of quenching.
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Fig.4.6 SEM micrographs of the as-tempered specimens under (a) non-EPT, (b) 120 Hz
frequency of EPT, (c) 183 Hz frequency of EPT, (d) 252 Hz frequency of EPT

Further details of the phase transformations induced by the EPT are studied by
TEM observation. The thin-foil specimens of non-EPT, 120 Hz frequency of EPT,
183 Hz frequency of EPT and 252 Hz frequency of EPT specimens are mechanically
polished and produced using precision ion polishing system (PIPS), which is discussed

in Chapter 3.

The TEM bright field of the non-EPT specimen is shown in Fig. 4.7 (a).

Together with the indexed selected area diffraction pattern (SADPs) from [_1213] zone

60



Chapter 4 Effect of Electropulsing Treatment on Microstructural Changes

of the hcp o phase and from [001]zone of the bce B phase particle, the dark field

images using (ilOi) and (330) reflections of these two phases are shown in Fig.

4.7(b2) and Fig. 4.7(c2) respectively. The lattice parameters of the a phase are a=0.322
nm, ¢=0.523 nm and c¢/a=1.624; the lattice parameters of the § phase is a=1.0937 nm.
phase particles are also examined inside the o lamella matrix in the 252 Hz-EPT
specimen, as shown in Fig. 4.8. According to the identification, the  phase particle is

about 520 nm in diameter. Both the o and P phases are marked in Fig. 4.8(a). The

indexed diffraction patterns and the dark field images reflected from [0001] (iOlO)of

the o phase and [001] (3§0)0f the B phase are shown in Fig. 4.8(bl), (b2) and Fig.

4.8(cl), (c2).

The evolution of the B phase particles can also be observed in the TEM
micrographs. In Fig. 4.9(a), few precipitation of the  phase can be found in the TEM
bright field of the non-EPT specimen, and as the frequency of EPT increases to 120 Hz,
the amounts of the precipitates of the B phase increase (Fig. 4.9(b)). In Fig. 4.10(c), the
bright field of the 183 Hz frequency of EPT, the amounts of B phase particles reach a
high level. It is in agreement with the XRD results shown in Fig. 4.5 and the SEM
results shown in Fig. 4.6, obviously, the precipitates of the B phase occur in a few
seconds under electropulsing. In short, it is the phase transformation in a way of

quenching in this first stage of EPT (To and Zhu, 2009).

Upon the frequency of EPT further increases to 252 Hz, the amounts of  phase

particles decrease, as shown in Fig. 4.9(d). This means that dissolution of the 3 phase
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occurs when further increasing the frequency of EPT. The decomposition of the f3

phase appears as a reverse transformation of the precipitate, in a way of up-quenching.

00t 5001

005t

Fig.4.7 TEM images of non-EPT (a) bright field image; (b2) dark field image of
(1101)reflection together with (b1) diffraction pattern from B= [_121§] of the a
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phase; (c2) dark field image of (3§>O)reﬂection together with (c1) diffraction
pattern from B=[001] of the  phase
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Fig.4.8 TEM images of 252 Hz-EPT (a) bright field image; (b2) dark field image of
(1010) reflection together with (bl) diffraction pattern from BZ[OOOI] of the a

phase; (c2) dark field image of (32 .;>) reflection together with (c1) diffraction
pattern from B=[335] of the B phase
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Fig. 4.9 TEM bright field images of (a) non-EPT, (b) 120 Hz frequency of EPT (c) 183
Hz frequency of EPT and (d) 252 Hz frequency of EPT
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4.3.2 Static EPT Induced Phase Transformations and

Microstructural Changes on Cold-rolled Specimens

The XRD patterns for the as-rolled specimen of non-EPT, the 151 Hz-EPT and
294 Hz-EPT specimens are shown in Fig. 4.10. The non-EPT specimen consists of
mainly two phases, a a-Mg phase and a [ phase (Mg;7Al;2). As the frequency of EPT
increases to 151 Hz, the peaks of the  phase weaken, which implies that the amounts
of the  phase decrease and transform. Upon increasing the frequency of electropulsing
to 294 Hz, the peaks of the B phase increase, compared to that of 151 Hz-EPT. This
means that precipitation of the P phase increases with increasing frequency of

electropulsing.
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Fig. 4.10 XRD patterns for cold-rolled specimens under various frequencies of EPT

The BSEM images and TEM bright field images of the specimens at different
frequencies of electropulsing are shown in Fig. 4.11. The microstructure of the non-
EPT specimen mainly consists of the matrix o phase and precipitates of the 3 phase, as
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shown in Fig. 4.11(al). A large amount of B precipitates are observed in the cold-rolled
specimen. After electropulsing with 151 Hz for 10 seconds, the amounts of the 3 phase
precipitates decrease, as shown in Fig. 4.11(a2). It implies that the decomposition of
the B phase is accelerated with increasing frequency of EPT. Previous studies reported
that decomposition of the B phase occurred after 20 hours of ageing at 673-693 K
(Jiang, 2009). It is obvious that under electropulsing the decomposition of the B phase
is tremendously accelerated in a way of up quenching. Upon the frequency of
electropulsing further increases to 294 Hz, the amount of the § phase increases in a way
of quenching, as shown in Fig. 4.11(a3). TEM examination confirms the
aforementioned phase transformations. The TEM bright field images of (b1) non-EPT,
(b2) 151 Hz-EPT and (b3) 294 Hz-EPT are shown in Fig. 4.11. Both the SEM results

and TEM observations are in good agreement with the XRD patterns.

Moreover, it is noticed in the TEM bright field images that the amounts of
dislocation are influenced by electropulsing. For the non-EPT specimen, arrays and
blocks of dislocation are observed, as shown in Fig. 4.11(b1). After 151 Hz-EPT for
10 seconds, the dislocation arrays decrease, as shown in Fig. 4.11(b2). When the
frequency of electropulsing increases to 293 Hz, the amount of the dislocation is further
reduced, as shown in Fig. 4.11(b3). It is assumed that under electropulsing, electron
wind is formed and pushed the defects, including dislocations and vacancies, towards
the grain boundaries, where accumulation and annihilation of the dislocation occur
simultaneously. When the frequency of electropulsing increases, both the accumulation
and the annihilation are enhanced and maintained an adequate balance, which result in

decreasing of the dislocation density.
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Fig. 4.11 BSEM images of (al) non-EPT (a2) 151 Hz-EPT (a3) 294 Hz-EPT and TEM
bright field images of (bl) non-EPT (b2) 151 Hz-EPT (b3) 294 Hz-EPT,
showing B phase precipitates changes with various frequency of EPT

The optical micrographs of the non-EPT specimen and the EPT specimens with
various frequencies of electropulsing are shown in Fig. 4.12. For the cold-rolled
specimen (non-EPT specimen) in Fig. 4.12(a), plenty of deformation twins inside the
grains are observed, and the average size of the grains is about 77 um. With increasing
the frequency of electropulsing, the amount of twins is decreased. The average grain
size reduces from 68 pum, 63 pm to 35 pum in the 209 Hz, 253 Hz and 294 Hz EPT
specimens, as shown in Fig. 4.12 (b), (c) and (d) respectively. A relatively

homogeneous microstructure of equi-axed grains is observed after 294 Hz-EPT for 10
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seconds, implying that electropulsing greatly accelerates recrystallization of the cold

rolled alloy specimens.

Fig. 4.12 Optical micrographs of (a) non-EPT (b) 209 Hz-EPT (c) 253 Hz-EPT and
(d) 294 Hz-EPT
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4.3.3 Dynamic EPT induced Phase Transformations and

Microstructural Changes on Rolling Specimens

Fig. 4.13 shows the X-ray diffractograms of the as-rolled (non-EPT) specimen

and the dynamic EPT specimens. The non-EPT specimen consists of mainly two

phases, the a-Mg phase and the [ phase (Mg;7Al;z). When the frequency of

electropulsing increases to 204 Hz, the XRD intensity of the  phase reduces. Upon

further increasing the frequency to 309 Hz, the XRD intensity of the B phase further

reduces. This implies that the decomposition of the B phase is accelerated when the

frequency of electropulsing increases during the dynamic electropulsing.
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Fig. 4.13 XRD patterns for the specimens under various frequencies of dynamic EPT
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The BSEM images and TEM bright field images of specimens under different
frequencies of dynamic EPT are shown in Fig. 4.14. The matrix shows a a-Mg phase,
while the precipitates are of f phase (Mg;7Al;2). For the as-rolled specimen, numerous
B phase precipitates can be seen in Fig. 4.14 (al); as the frequency of dynamic
electropulsing increased to 204 Hz, the amounts of the [ phase precipitates decrease as
shown in Fig. 4.14 (a2); when the frequency of electropulsing increases to 309 Hz,
even fewer precipitates could be observed in Fig 4.14 (a3). TEM bright field images of
these specimens confirmed the same microstructural changes as shown in Fig. 4.14 (bl),
(b2) and (b3). As the frequency of electropulsing increases, the amounts of the
precipitates marked by the white arrows decrease significantly, meaning that the
decomposition of the B phase occur simultaneously in a way of up-quenching. Both the
SEM results and TEM observations are in good agreement with the XRD patterns

shown in Fig. 4.13.

To identify the phases during the process, the TEM examination of the dynamic
electropulsing treated specimens is shown in Fig. 4.15. The bright field of the 204 Hz-

EPT specimen is shown in Fig. 4.15 (a). Together with the indexed SADPs shown in

Fig. 4.15(b1) and Fig. 4.15(cl), the dark field images reflected from [1213](1010) of

the hep a phase, and [il 1] (110) of the bce B phases are shown in Fig. 4.15 (b2) and

Fig. 4.15 (c2), respectively. The lattice parameters of the o phase are a=3.22 A, ¢=5.23

A and c/a=1.624; the lattice parameter of the p phase is a=10.690 A.
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Fig.4.14 BSEM images of (al) non-EPT (a2) 204 Hz-EPT (a3) 309 Hz-EPT and TEM
bright field images of (bl) non-EPT (b2) 204 Hz-EPT (b3) 309 Hz-EPT,
showing P phase precipitates changes with various frequency of EPT
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Fig.4.15 TEM images of 204 Hz-EPT (a) bright field image; (b2) dark field image of
a OiO)reﬂection together with (bl) diffraction pattern from B= [1213] of the a
phase; (c2) dark field image of (110)reflection together with (c1) diffraction

pattern from B= [il 1] of the B phase
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For comparison, the AZ91 strips are statically electropulsing-treated for various
parameters. For the static EPT specimens, of which the BSEM images and TEM bright
field images are previously shown in Fig. 4.11, it is found that with increasing
frequency of electropulsing, decomposition and precipitation of the B phase are
tremendously accelerated sequentially. While for the dynamic EPT specimens, only the
decomposition of the B phase in a way of up-quenching occurs, as shown in Fig. 4.14.
For the decomposition to be completed under the conventional thermal process of the
AZ91 strips, about 10 hours of ageing in the range of 673-693 K is required (Jiang et
al., 2009). This implies that electropulsing tremendously accelerates the phase
transformations of the AZ91 alloy at a relatively lower temperature (349-390 K) within

only a few seconds.

The optical micrographs of the non-EPT and the dynamic EPT specimens for
various frequencies are shown in Fig. 4.16. For the non-EPT specimen, many
deformation twins are observed inside the grains, as shown in Fig. 4.16 (a). When the
frequency of the dynamic electropulsing increases to 126 Hz, the twins inside the
grains are rarely observed, as shown in Fig.4.16 (b). Upon further increasing the
frequency to 309 Hz, a relatively homogeneous microstructure of equiaxed grains is
obtained, as shown in Figs. 4.16 (c¢) to (e). This is because under the dynamic
electropulsing, the external stress resulting from the plastic deformation is reduced
simultaneously, and the twins quickly vanish. In comparison, for the static EPT
specimens as shown in Fig. 4.12, the twins microstructure decrease gradually when the
frequency increases from non-EPT to 209 Hz and 253 Hz, and disappear after 294 Hz-

EPT.
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Fig. 4.16 Optical micrographs of (a) non-EPT (b) 126 Hz-EPT (c) 204 Hz-EPT and
(d) 265 Hz-EPT (e) 309 Hz-EPT
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4.3.4 Dislocation Identity

The dislocation evolution under various frequencies of EPT can be observed
from the TEM images. TEM bright field images of the as-tempered specimens under
various of frequencies of static EPT are shown in Fig. 4.17. In Fig. 4.17(a) non-EPT
specimen, there are some dislocation arrays and nodes, introduced from the previously

thermal and thermo-mechanical treatments.

1 nm

1 1

Fig. 4.17 TEM bright field images of as-tempered specimens (a) non-EPT, (b) 120 Hz-
EPT, (c) 183 Hz-EPT and (d) 252 Hz-EPT
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Due to the electron wind force factor introduced in Chapter 2, the defects in the
specimen, such as dislocations and atomic vacancies are pushed towards the sub-grain
boundaries by electropulsing. After 120 Hz-EPT, the dislocation arrays and nodes
decrease as shown in the Fig. 4.17 (b). When the frequency of EPT increases to 183 Hz,
the amounts of dislocations are significantly reduced, as shown in Fig. 4.17(c). It is
proposed that under electropulsing, electron wind is formed and pushes the defects in
the specimen, such as dislocations and atomic vacancies, towards the grain boundaries,
where accumulation and annihilation of the dislocations occur at the same time (Zhu,
2009). With increasing frequency of electropulsing, both the accumulation and the
annihilation of dislocation are enhanced, maintaining an adequate balance at the grain
boundaries. Thus, the dislocation density decreases. After 252 Hz-EPT, the dislocation
can rarely be observed, as shown in Fig. 4.17(d). The dislocation dynamics for the
cold-rolled specimens under various frequencies of static EPT are shown in Fig.
4.11(b), and the specimens under various frequencies of dynamic EPT are shown in Fig.

4.14(b), and confirm the aforementioned theory.

4.3.5 Driving Force in the Phase Transformations

The driving force for phase decomposition consists of various factors, including
chemical Gibbs free energy, surface energy, strain energy, crystal orientation Gibbs
free energy and EPT induced Gibbs free energy. It is proposed that the free energy

change for the phase transformations to occur can be shown as follows (Zhu, 2009):
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AG=AG,, +AG

chem surface

+AG., . +AG +AG

strain orient EPT

4.1)

The driving force of the as-tempered specimens under static EPT is

discussed. In conventional thermodynamics, the chemical Gibbs free energy (AG nem) 1S

considered to be the dominant factor in determining phase transformations. The surface

energy (AGuuyuce) and preferred crystal orientation induced Gibbs free energy (AGorien)

are the main parts affecting phase transformations in the nano-phase of alloy films. The

strain energy (AGiqin) includes the internal strain energies, such as thermal stress

during solidification of melt, and external strain energies caused by tensile, creep,

fatigue effect etc. For the AZ91 specimens used in this study, the major factors

influencing phase transformations are AGepen, and AGgpr, because no nanofilm and

external strain exist in the experiments. The EPT accelerates the phase transformations

in two stages:

(M

2

When AG<0, with addition of EPT induced Gibbs free energy, the total

Gibbs free energy of the specimen increases and is higher than that of
the stable state. EPT accelerates the decomposition of the
supersaturated o phase and more precipitation of f phase is generated,

till the final stable state is reached, where AG =0;

When AG =0, further EPT would continue to increase the Gibbs free
energy of the alloy, where 4G >0. As a result, the stable phases

reverse-decompose and precipitation of f phases decreases.

For the quenching process, both AG ., and AGgpr are negative:

AG

quench =

-AG

chem

~AG,,, 4.2)
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The chemical Gibbs free energy and the EPT induced Gibbs free energy
together accelerate the phase transformation from the supersaturated state of the non-

EPT specimen to the saturated state of 183 Hz-EPT specimen.

For the up-quenching process, the positive increment of AGgpr induced by EPT
is the only driving force for the phase transformations, and the specimen becomes

unstable for reverse-transforms back to the initial state.

For the cold-rolled specimens under static EPT, the decomposition of the 3
phase occurred first when AG >0, subsequently followed by the precipitation of the

phase as AG<0.

For the specimens under dynamic EPT, only the decomposition of B phase

occurred, reaching a stable state.

4.3.6 Electropulsing Kinetics

In EPT, due to the transient stress caused by electron wind, dislocation
movements are very quick even at ultrasonic speeds. The electron wind is formed by
the knock-on collision of high-rate electrons with atomic nuclei. The transfer of energy
from electrons to the atoms is also much more effective than in the traditional thermal
and thermo-mechanical processes. As shown in Fig. 4.10, Fig. 4.12 and Fig. 4.16, the
sliding behavior of the dislocations and the phase transformations are significantly
affected by the EPT, and electron migration induced by electric current might play an

important role in the process. The effect of multiple electropulses through the
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specimens can be described by the atomic diffusion flux, J in the Nernst-Einstein

equation (Jiang, 2009; Zhu, 2009):

N.-D. Oln X, oo *
=Lt 1 KT- L Q- —+Z7 -e-p-j 4.3
KT ( ox ox “r Jj (43

J

In which NV, stands for the density of the ith atom species, D, is the pertinent

diffusion coefficient, Z" is the effective valence, e is the charge on an electron, p is

the resistivity, j is the current density, X; is the concentration of the ith solute, Qis

oo . ) ) .
the atom volume, 8_15 the stress gradient, K is the Boltzmann constant and 7'is the
X

absolute temperature. The chemical gradient and composition gradient can be neglected
under EPT because these effects are much weaker than that of electropulsing. The

average atomic flux per second under EPT can be described as (Jiang, 2009):
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The atomic flux in EPT consists of mainly two parts: the flux of diffusion atoms

caused by the thermal effect./,, and the flux of diffusion atoms caused by the athermal
effect J,. D, is the lattice diffusion coefficient, ¢, is the average concentration of
vacancies, 5c is the super-saturation concentration of vacancies, 7, , R' are the

distances far from dislocation where the vacancy concentrations are ¢, and ¢,+ 0,
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respectively, j,is the peak current density, f is the frequency and 7, is the duration

of each electropulsing of EPT.

Judging from Equation (4.4), in the electropulsing process where j,, fand 7,

increase, the athermal effect J increases linearly. As these three parameters increase,

the incremental athermal effect would provide sufficient energy to accelerate the
diffusional phase transformations and dislocation movements. Meanwhile, during the
EPT, the temperature also increases because of the Joule heating effect, thus the

thermal effect in EPT would also increase.

4.4 Summary

The effect of both the static and dynamic EPT on the microstructural changes
and phase transformations are investigated by the observations from optical microscopy,

SEM, XRD and TEM.

For the as-tempered specimens under static EPT, it is found there are two stages

of phase transformations in the EPT process:

(1) Phase transformations in a way of quenching: from non-EPT to the
specimens under 120 Hz and 183 Hz frequency of EPT, precipitation of the

B phase increases; and

(2) Reverse phase transformations in a way of up-quenching: 183 Hz to 252 Hz

frequency of EPT, decrease of precipitation of the B phase occurs.
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For the cold-rolled specimens under static EPT, it is found that:

(1) With increasing frequency of electropulsing, the decomposition and

precipitation of  phase are tremendously accelerated in the AZ91 alloy; and

(2) Both twins and the dislocation density are reduced when the frequency of

electropulsing increased.

For the specimens under dynamic EPT, it is found that:

(1) The B phase decomposition is considerably accelerated in a way of up-
quenching under dynamic electropulsing, compared with the conventional

thermal processing; and

(2) The deformation twins microstructure disappears, and a homogeneous fine

grain structure is achieved under dynamic electropulsing.

In conclusion, as one of the driving forces for phase transformations, EPT is
more powerful and effective than conventional thermal energy. Besides the phase
transformations, the properties of the alloys and the mechanism of EPT, such as the
interaction between electrons and lattice atoms, dislocation movements and
annihilation are also discussed. The dislocation density and movements show a reverse
relationship with the increasing frequency of EPT. The fine grain structure can also be
obtained by the use of EPT. In order to study the machinability of the alloy after EPT,
ultra-precision single point diamond turning is used to process these specimens and is

discussed in the next chapter.
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Chapter 5 Machinability  and Microstructural
Changes in Single Point Diamond

Turning after Electropulsing Treatment

5.1 Introduction

In the previous chapter, microstructural changes of AZ91 strips under different
electropulsing treatment parameters were discussed in detail. Phase transformations and

dislocation movements were found in electropulsed materials.

This chapter describes the electropulsing treated work material AZ91 are
employed in a series of microcutting experiments on single point diamond turning.
Face turning and straight cutting methods have been conducted to study the
machinability of the electropulsing treated specimens. Based on the prior experimental
results and analysis on the microstructures and material properties investigated in

Chapter 4, the effect of EPT on the improvement of surface finish is further studied.

5.2 The Experimental Design

5.2.1 Specimen Preparation

Specimens under various EPT parameters were prepared with the same methods

discussed in Chapter 4, and were then cut with a low speed saw (Fig. 5.1) into rectangle
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pieces of 12 mm length (Fig. 5.2), and prepared for diamond turning with different
cutting parameters. A low speed saw is used to prevent the high temperature induced
by high-speed cutting. The rectangle pieces are then affixed onto columnar plates. To
make certain that each specimen have the same spindle speed during the cutting
process, all the pieces are fixed on the plates with the same radius. These specimens are

then machined by a single point diamond turning machine (Optoform® 30).

Fig. 5.1 Low speed saw

Fig. 5.2 Specimens with the length of 12 mm were fixed on the plate
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5.2.2 Face Turning Experiments

Face turning experiments are conducted on all the three groups of electropulsed
specimens, including (1) the as-tempered specimens with static EPT, (2) the cold-rolled
specimens with static EPT and (3) the rolling specimens with dynamic EPT. The
machinability changes of the specimens in SPDT are studied by observing the mean

cutting force variations and surface roughness.

For the as-tempered specimens with static EPT, three groups of face turning are
designed to study: (i) the effect of EPT on cutting force and surface roughness in
Group-A, (ii) the effect of machining parameters on cutting force and surface
roughness with electropulsing treatment in Group-B, and (iii) the effect of cutting
speed on the microstructure evolution of machined surface in Group-C. The proposed
design of the experiments is to reveal the relationship between machining, material and
electropulsing treatment. A photo and a schematic illustration of the diamond turning

process are shown in Fig. 5.3 and Fig. 5.4, respectively.

Ajr spindle : e transducer

b

Fig. 5.3 Single point diamond turning machine
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Fig. 5.4 Schematic illustration of single point diamond turning system

In Group-A, the AZ91 specimens after different types of EPT, including as-
tempered specimens with static EPT, cold-rolled specimens with static EPT and rolling
specimens with dynamic EPT, are cut with a slow speed saw into rectangular shapes
(plate specimen) with length of 12 mm, width of 4 mm and height of 1.9 mm. These
plate specimens are then glued to the surface of an aluminum-alloy cylinder with a
radius of 12.7 mm, which would be chucked on spindle. The cutting parameters of
Group-A are listed in the Table 5.1. The tool nose radius is 2.503 mm and the rake
angle was 15°. A force transducer, Kistler 9252A, is mounted with a pre-loaded force
under the tool shank. A 14-bit multifunctional data acquisition (DAQ) card PCI-6132
(National Instrument) is configured on a PC workstation to record the cutting force data
(Fig. 5.5). The cutting forces during the cutting process for the specimens with various
frequencies of EPT in the same group are compared, and the surface roughness is also

discussed.
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Fig. 5.5 Schematic illustration of cutting force measurement system

The microstructures of the as-tempered specimens after turning are obtained by
using SEM, and the surface roughness are measured by both the Contact Taylor Surf
PGI 1230 Stylus measurement system and the Noncontact WYKO NT8000
interferometric measurement system. The chips produced in each cutting experiment
are collected and images of their free surfaces are taken using JSM-6490 JEOL

scanning electron microscopy.

In Group-B, a fixed electropulsing parameter is selected for the as-tempered
specimens to treat the work material before cutting. The depth of cut changes from 5
um to 40 pum, while keeping other cutting parameters constant. The detailed cutting

conditions are listed in Table 5.2.
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In Group-C, the effect of cutting speed on the cutting force and microstructural
changes of the specimen is investigated on the as-tempered specimens. As the distance
from workpiece center changes from Imm to 5 mm, the cutting speed changes from

837 mm/s to 4187 mm/s. The details of cutting condition are listed in Table 5.3.

Table 5.1 Cutting conditions of Group-A for specimens with different types of EPT

EPT Specimens As-tempered | Cold-rolled with |  Rolling with
with static EPT static EPT dynamic EPT
Spindle speed 8000 8000 8000
(RPM)
Feed (mm/min) 20 20 20
Depth of Cut (um) 20 20 20

Table 5.2 Cutting conditions of Group-B for as-tempered specimens with static EPT

Depth of cut (um) 5 10 20 40
Spindle speed (RPM) 8000
Feed (mm/min) 20
Passes 20 10 5 3
EPT Specimen 252 Hz
L=1Z2mm
{ o Li=1mm >
Li=bmm

Fig.5.6 Schematic illustration of different sectors of the specimen
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Table 5.3 Cutting conditions of Group-C for as-tempered specimens with static EPT

Cutting length (mm) 1 3 5

Cutting speed (mm/s) 837 2512 4187

Cutting speed v=0-R=27-S/60 -1, in which R is the radius, S is the spindle speed and

lx is the distance from the workpiece centre.

5.2.3 Straight Cutting Experiments

For the as-tempered specimens with static EPT, four specimens pre-treated with
various frequencies of EPT are cut with a slow speed saw into rectangular shapes with
length of 12 mm, width of 4 mm and thickness of 1.9 mm. The AZ91 specimens are
mounted on the customized fixture (Fig. 5.7) in order to minimize the vibration of the
system during the high-speed cutting process. The diamond tool insert is mounted on a
customized tool holder with the normal of the tool rake face parallel to the cutting
direction. The parameters of straight cutting are listed in Table 5.4. The side face of
specimen plates is polished to remove the oxidization layer and to ensure a straight
cutting condition with a smaller thickness of about 1 mm. The chip formation geometry
is shown in Fig. 5.8. These chips are collected after each cutting process and then

observed by SEM to examine the morphology of the side face and the tool-contact face.
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Fig. 5.7 Schematic illustration of straight cutting process
Table 5.4 Cutting conditions of straight cutting process
As-tempered specimens with various
non-EPT 120 183 252
frequencies of static EPT (Hz)
Cutting speed (mm/min) 500
Spindle speed (rpm) 0
Depth of Cut (um) 10
Tool nose radius (mm) 2.503
H=109mm

Wi=dmm

Fig. 5.8 Schematic illustration of chip formation in straight cutting process
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5.3 Results and Discussion

5.3.1 Cutting Force Changes under Various frequencies of EPT

Cutting forces during the turning process are measured by the methods
introduced in Chapter 3. By comparing the values of the cutting force, the effect of
EPT on the machinability properties of the specimens are discussed in detail. For the
as-tempered specimens with static EPT, it can be observed that when EPT frequencies
increase, the cutting force under same cutting parameters decreases significantly, as
shown in Fig. 5.9. With the non-EPT specimen, the mean cutting force is 70.72 mN,
and when the frequency of EPT increases from 120 Hz to 183 Hz and 252 Hz, the mean

cutting force decreases from 55.92 mN to 50.75 mN and finally 48.84 mN respectively.

75

Cutting Force {mN)
3

50.8 :
S0F 48.8

Non 50 100 150 200 250 300
EPT Freguency (Hz)

45

Fig.5.9 Mean cutting force of the as-tempered specimens under various frequencies of
static EPT (depth of cut of 20 um)
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For the cold-rolled specimens with static EPT and the rolling specimens with
dynamic EPT, it can also be observed that with increasing frequency of electropulsing,
the cutting force decreases significantly, as shown in Fig. 5.10 and Fig. 5.11

respectively.
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Cumting Force (mM)
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non-EPT 151 200 253 204
EPT Frequency (Hz)

Fig. 5.10 Mean cutting force of the cold-rolled specimens under various frequencies of
static EPT (depth of cut of 20 um)
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Fig. 5.11 Mean cutting force of the rolling specimens under various frequencies of
dynamic EPT (depth of cut 20 pm)
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5.3.2 Surface Roughness under Various Frequencies of EPT

After the turning process, specimens in same depth of cut, with various
frequencies of EPT, the surface roughness are measured. In order to get the surface
profile data, the noncontact WYKO NT8000 is used for the reason that it would not
damage the specimen surface while acquiring the profile image with sub-nanometer
vertical resolution. In order to get an unbiased characterization of the whole surface of
the specimens, contact form taylor surf PGI1240 equipment is used to measure the
surface roughness. For each specimen, seven lines with the same length of 10 mm are

set as the measurement parameters to get the surface roughness.

For the as-tempered specimens, the surface profiles of various frequencies with
static EPT under the same cutting conditions are listed in Table 5.5. It can be seen that
the specimens with higher frequencies of static EPT show better surface finish,
compared with the non-EPT specimen. The arithmetic roughness of the non-EPT
specimen is 9.78 nm, and as the frequency of EPT increases from 120 Hz to 183 Hz
and 252 Hz, the arithmetic roughness changes from 5.31 nm, 5.48 nm and 5.17 nm,
respectively. The mean roughness values measured by the contact system are shown in

Fig. 5.12.

The correlation between the measured mean cutting force and the surface
roughness for different pre-machining electropulsing treatments is plotted in Fig. 5.13.
With the non-EPT specimen, the mean cutting force in the turning process is larger
than those electropulsing treated specimens, and the surface roughness after turning

also shows the same trends. For the electropulsed specimens, after the 120 Hz, 183 Hz
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and 252 Hz frequency of EPT, it is noticed that as the frequency increases, the mean
cutting force and the surface roughness decrease. To sum up the normalized trend as
shown in Fig. 5.13, the effect of EPT results in a decrease of the mean cutting force as

well as the surface roughness.

Table 5.5 Surface profiles of as-tempered specimens with various frequencies of static
EPT

Non-EPT
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Fig. 5.12 Ra and Rq changes of as-tempered specimens under various frequencies of
static EPT (depth of cut of 20 um)
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Fig.5.13 Correlation between mean cutting force and surface roughness of as-tempered
specimens under various static EPT frequencies
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Fig. 5.14 Surface roughness of cold-rolled specimens under various frequencies of
static EPT (depth of cut of 20 um)
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Fig. 5.15 Surface roughness of rolling specimens under various frequencies of dynamic
EPT (depth of cut of 20 um)
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For the specimens after static EPT and the dynamic EPT, the surface
roughness by SPDT decreases when the EPT frequencies increase, as shown in Fig.
5.14, Fig. 5.15 respectively. It can be observed that for the static EPT, the surface
roughness decrease from 16.32 nm under non-EPT to 11.63 nm under 294 Hz-EPT; for
the dynamic EPT, the surface roughness decrease from 16.28 nm under non-EPT to

11.82 nm under 309 Hz-EPT.

In conclusion, with increasing frequency of electropulsing, the cutting force
decreases significantly (Fig. 5.9 to Fig. 5.11), meanwhile the surface roughness
decreases (Fig. 5.12, Fig. 5.14 and Fig. 5.15). It is assumed that under electropulsing,
large amounts of the deformation twins structure decrease, as the recrystallization is
accelerated under electropulsing. The relatively homogeneous microstructure of the
fine-equiaxed grain structure is formed (Fig. 4.12 and Fig. 4.16), and the decreasing
amounts of dislocation (Fig. 4.11(b), Fig. 4.14(b) and Fig. 4.17) result in the decreasing
cutting force and improving surface roughness for SPDT processing. The machinability

of AZ91 alloy in SPDT is improved under EPT.

5.3.3 Microstructural Changes on the Machined Surface of Specimens

The as-tempered specimens without electropulsing treatment after turning
process are measured by SEM. The strip can be divided into three parts with different
distances from the center, ranging from Imm, 3 mm to 5 mm. The cutting speed
increases as the distance increases from 837 mm/s to 2512 mm/s and 4187 mm/s,

respectively. It can be observed from the SEM micrographs (Fig. 5.16) that for
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different distances from the center with different cutting speed and radius, the shapes
and forms of the o phase show significant changes, both in the non-EPT and the 252

Hz-EPT conditions.

20kV . X2,000  10um © 11 30SEl C 20KV X2,000 ° 10pm 11 36,SEI,

20kV.  -X2,000  10pm ¢ 11 30'SEI

20KV, X2,000 . 10pm ', 1130 SEI 720K . X2,000 10pm:i’ - 1130 SEL,

Fig. 5.16 SEM micrographs of the as-tempered specimen under 5 pm depth of cut with
(a) non-EPT and (b) 252 Hz-EPT, in different cutting speeds (1) v;=837 mm/s
(2) v;=2512 mm/s (3) v3=4187 mm/s
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As the cutting speed increases, the form of the o phase changes from a ball
shaped mass into dispersed strips, and as the cutting speed continues to increase from
sector L, to
Ls, the strips become more dispersed, changing from long large ones into short small
ones. The direction of these strips is the same as the cutting direction, therefore the
elongated strips of the a phase can be used to study the effect of micro-cutting on the
microstructure of a machined surface.

Apart from the microstructural changes induced by the cutting speed, the
experimental results indicate that a similar microstructural change occurs with different
depths of cut on the work material, with pre-machining EPT treatment at 252 Hz. When
a small depth of cut is used (5 um in Fig. 5.17a), the rubbing effect induced by the
elastic deformation of the deformed layer is pronounced, which in turn increases the
tool-work friction and heat generation. Therefore, as a complex result of the heating
effect and imposed strain/stress, the elongation of the a phase along the cutting
direction in Fig. 5.17(a) is more significant than that in Fig. 5.17(b), where a larger
depth of cut of 10 um is employed. At a depth of cut of 10 um in Fig. 5.17(b), the a
phase starts to change from a sphere to rod shape with one dimension elongated along
the cutting direction. Most of the a phase spheres are transformed into rod shapes, as
shown in Fig. 5.17(c) and (d), as the depth of cut increases to 15 pum and 20 pm
respectively. This transformation is attributed to the imposed strain/stress field and heat

generation by the friction force and plastic work induced by the micro-cutting process.
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Fig.5.17 SEM micrographs of the 252 Hz-EPT with depth of cut (a) 5 um, (b)10 pum,
(¢)20 um, (d) 40 pm

5.3.4 Chips Morphology

The chips during the face turning process are collected by using a vacuum
chamber with a filter paper on top of it. The micrographs of the free surface of chips
are recorded by SEM, and are shown in Fig. 5.18. It is observed that the density of the

lamella layers in the serrated chips increases with increasing of EPT frequency.
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Fig. 5.18 SEM micrographs of free surface of chips in face turning experiment under

(2) non-EPT (b) 120 Hz-EPT (c) 183 Hz-EPT (d) 252 Hz-EPT

Serrated chips with catastrophic shear bands are observed in the SEM
micrograph of the side face of the chips produced in the straight cutting experiment, as
shown in  Fig. 5.19. The notation is adopted from the model proposed by Cotterell and

Byrne (2008), where p_ is the distance between adjacent shear bands, and the
catastrophic shear strain is expressed by &, =p,/J, , 1.e. the ratio of shear band

projection p, to shear band thickness &, , as shown in Fig. 5.20.
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Fig. 5.19 SEM micrographs of side face of chips in the straight cutting experiments
under (a) non-EPT (b) 120 Hz-EPT (c) 183 Hz-EPT (d) 252 Hz-EPT

The work material with pre-machining EPT treatment presents a better property
of mechanical elongation, and is 82% longer than the as-received work material (Jiang
et al., 2009). At the same time, the work-hardening of the EPT treated work material is
less significant. Therefore, the seizing effect takes place on the tool-chip interface,
leaving a stagnant region resulting from the frictional force, as indicated by the oval in
Fig. 5.19. With a less work-hardening effect, unlike the cutting of steel, a build-up edge

(BUE) on the cutting tool edge is not observable.
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With a better elongation property, the stagnant region merely employs a
relatively small volume of work material to (i) accommodate the large volume of
elastic stress induced prior to the formation of the catastrophic shear band and (ii)
deform and seize on the rake face of the cutting tool to provide the frictional force,

which makes a very large shear band projection p_, and total strain on the shear plane.

p, : distance between adjacent shear bands, p,,: shear band projection
0, :shear band thickness, &.=p, /0, catastrophic shear strain

N

Fig. 5.20 Segmented chip geometry (after Cotterell and Byrne, 2008)

As shown in Fig. 5.21, the above procedure of stick-slip takes place in the

secondary deformation zone. The frictional force can further be clearly examined in the
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micrographs of tool-contact surface of chips in Fig. 5.22(b) and (c). From a physical
point of view, the static friction coefficient between contact surfaces is larger than their
kinetic friction coefficient. Therefore, the elastic strain builds up the larger static
friction force in the location indicated by arrows in Fig. 5.22(b). Eventually the elastic
strain induced force overcomes the static friction or the catastrophic shear bands takes
place to reduce the stress capacity of the chip segment in contact with the tool rake face.
Both phenomenon lead to an abrupt load drop on cutting tool where the “slip” occurs,
as shown in the area between the arrows in Fig. 5.22(b). It can also be evidenced that
the distance between adjacent static-friction marks (indicated by the arrows) is about 13

um, which is consistent with the measured distance (as shown by p_ in Fig. 5.19(d))

between two neighboring shear bands in Fig. 5.19(b).
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Fig. 5.21 Side view of chip morphology and principle of straight cutting
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Fig. 5.22 SEM micrographs of tool-contact face of chips in straight cutting experiments
under (a) non-EPT (b) 120 Hz-EPT (c) 183 Hz-EPT (d) 252 Hz-EPT

5.4 Summary

Face turning and straight cutting experiments have been conducted to study the
machinability and microstructural changes with electropulsing treatment of AZ91. The
work materials used in the experiments were treated with various EPT parameters. The
effect of pre-machining EPT treatment on the micro-cutting process is identified by the
measurement and study of surface roughness, cutting force, chip morphology and

microstructural changes. The major findings in this chapter are summarized as below:
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(1) With EPT treatment, the cutting force can be significantly reduced, and the
surface roughness can be improved. Consistent results can also be correlated with the

EPT induced microstructural change, as described in earlier chapters;

(2) On the other hand, segmented or serrated chip morphology is identified as
one of the characteristics in the microcutting of as-tempered AZ91 alloy with static
EPT. Differing in the serrated chips produced in the microcutting of most nonferrous
materials, such as Al and Cu alloys, the shear band projection length is extremely high
compared with the shear band thickness. This phenomenon can be attributed to the
large elongation property of EPT treated material. In this regard, a relatively small
volume of material deformation in the primary shear zone can accommodate the

accumulated elastic stress in the chips; and

(3) The effect of super-plasticity in the treated specimen results in a seizing
effect on the tool-chip interface, which results in a typical stick-slip phenomenon

during chip-formation.
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Chapter 6 Conclusions and Suggestions for Further

Work

6.1 Overall Conclusions

A study of the effect of electropulsing treatment (EPT) on the microstructural
changes and machinability in single point diamond turning (SPDT) has been carried out
on AZ91 alloy, focusing on the microstructural evolution, phase transformations and
dislocation dynamics. The material characteristics are obtained using BSEM, XRD and
TEM. The machining performance is evaluated by the surface roughness and the
cutting force in SPDT. The chip morphology is also studied at the micro-scale of

machining. Significant findings from this study include the followings:

(1) The microstructure of the as-tempered AZ91 specimen mainly consists of a
primary o-Mg phase matrix and [ phase particles (Mg;7Al;2). Under various
frequencies of static EPT, two stages of phase transformations are found for B phase
particles. From the non-EPT to 120 Hz-EPT and 183 Hz-EPT, amounts of B phase
particles increase in a way of quenching. In the second stage, when the frequency
further increases to 252 Hz-EPT, a decomposition of the 3 phase occurs in a way up-
quenching. Moreover, judging from the TEM observations, the dislocations and atomic
vacancies in the specimens are pushed towards the grain boundaries by the increasing

EPT frequencies, while the dislocation arrays and nodes also decrease in the process. It
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indicates that the accumulation and annihilation of dislocations occur at the grain

boundaries, and achieve an adequate balance;

(2) For the cold-rolled specimens under various frequencies of static EPT, a
way of up-quenching and quenching phase transformations are found for the § phase.
From the non-EPT specimen to the 151 Hz-EPT specimen, decomposition of the f
phase occurs, when the frequency of electropulsing further increases to 294 Hz, the
precipitation of the B phase in a way of quenching is observed from both the SEM and
TEM micrographs. By observing the optical micrographs of the specimens, it is also
found that with increasing frequencies of static electropulsing, the amount of twins is
decreased, with a relatively homogeneous microstructure of equix-axed grains obtained.

The dislocations and nodes also decrease with increasing EPT frequency;

(3) For the dynamic EPT of rolling specimens, the decomposition of the 3
phase is observed, as the amounts of the B phase precipitates decrease with increasing
EPT frequency. Under the conventional thermal process, it takes 20 hours of ageing in
the range of 673-693 K to complete the decomposition process, while in EPT the phase
transformation is accomplished in 10 seconds with a relatively low temperature
349-390 K. With examination of the TEM images, the aforementioned phase
transformations are confirmed; meanwhile, the phenomena of dislocation movements
and annihilation are found when the frequency of EPT increases. The twins
immediately disappear as the electropulsing is applied, because the external stress
resulting from the plastic deformation is reduced simultaneously in the dynamic
electropulsing process, and a fine grain structure is developed with increasing EPT

frequency;
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(4) Different from conventional thermodynamics, in which the chemical Gibbs
free energy is considered to be the dominant factor in determining the phase
transformation, the total Gibbs free energy with EPT can be described as 4G = AGcpem
+ AGufuce T AGsrain + AGoriens + AGgpr. When AG <0, the EPT induced Gibbs free
energy (AGgpr) accelerates the decomposition of the supersaturated o phase and the
precipitation of the P phase till the stable state when 4G=0; as AGgpr continues to
increase, resulting in the stable phases reverse-decomposed and the decomposition of
the B phase. In all, the chemical Gibbs free energy and the EPT induced Gibbs free
energy together accelerate the phase transformation process in a more efficient way

than the conventional treatment;

(5) Under electropulsing, due to the transient stress caused by electron wind,
dislocations move very quickly, even at ultrasonic speeds. The electron wind is formed
by the knock-on collision of high-rate electrons with atomic nuclei. The transfer of
energy from electrons to the atoms is also much more effective than that in the
traditional thermal and thermo-mechanical processes. The sliding behavior of
dislocations and phase transformations are significantly affected by electropulsing, and
electron migration induced by electric current also plays an important role in the
process. The effect of the atomic diffusion flux, on both the precipitation rate and on
the motion of quench-in vacancies and dislocation to the grain boundaries and skins is
important. Under electropulsing, the atomic flux consists of two main parts: the flux of
diffusion atoms caused by the thermal effect, and the flux of diffusion atoms caused by
the athermal effect. Both the thermal and athermal effect contribute to the acceleration

of diffusional phase transformations and dislocation movements;
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(6) Machinability of the electropulsing treated work materials is investigated in
single point diamond turning process. Face turning and straight cutting experiments
have been conducted with different cutting parameters, and the consequential
microstructural changes and surface roughness of the machined surface, as well as
cutting force variations are discussed. It is found that with pre-machining EPT
treatment, the cutting force can be significantly reduced, the surface roughness is
reduced, and the consistent results are also correlated with the EPT induced

microstructural changes and dislocation annihilation; and

(7) Moreover, in studying the chip morphology, segmented or serrated chip
morphology is identified as one of the characteristics in microcutting of AZ91 alloy
with EPT treatment. Different from most nonferrous materials, including Al and Cu
alloys, the electropulsing treated AZ91 alloy shows a high shear band projection length
compared with the shear band thickness, which is attributed to the large elongation
property of EPT treated materials; therefore a relatively small volume of material
deformation in the primary shear zone can accommodate the accumulated elastic stress
in chips. A seizing effect on the tool-chip interface is also found in a typical stick-slip
phenomenon during chip formation, which is attributed to the effect of super-plasticity

in the treated specimens.

All in all, EPT is more powerful and effective in accelerating the phase
transformations and microstructural changes, which is thousands of times more
efficient than the conventional thermal treatment. The incremental athermal effect
during the process also provides sufficient energy for aggressive dislocation

movements and annihilation. With increasing EPT frequency, the cutting force is
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significantly reduced and surface roughness improved by SPDT, with the segmented or

serrated chip morphology.

6.2 Suggestions for Further Work

The study confirms the importance of the EPT to the machinability
improvements of Mg-Al alloy in ultra-precision single point diamond turning. The
cutting force variations and surface roughness induced by EPT, and the microstructure
and chips morphology changes also confirm the effect. However, in the design of the
experiment for this study, only one material was selected, and the EPT and SPDT
variables were controlled in a narrow range. Therefore, the following research topics

are suggested for the further work:

(1) In the present study, when considering the EPT parameters, the frequency
of EPT was changed while keeping other factors, including the current, voltage and
duration time were kept fixed. Some existing research has reported that the variations
of the current intensity and duration time would also induce significant microstructure
and machinability changes in the materials, and the machinability under various EPT
environments might also change. In the further study, therefore, the effect of other EPT
parameters in mechanical properties and microstructural changes of work materials will

be investigated;

(2) Cutting parameters in SPDT, including tool geometry, spindle speed, feed

rate, depth of cut, material properties and relative vibration between the tool and the
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workpiece all play an important role in determining the surface generation quality.
These factors can be classified into two groups, which are the process factors and the
materials factors. In this study, in order to obtain unbiased results of the machinability
induced by EPT in SPDT, only the influence of materials factors on the surface
generation is studied, while the process factors, such as spindle speed and feed rate,
were kept unchanged. In the further study, the effect of various cutting parameters in
SPDT should be investigated systematically, and an optimal cutting system could

possibly be established for better surface generation;

(3) The AZO91 alloy was selected in this study due to its wide application in
industry and the two-phase changes in the microstructure. Previous research on the
effect of EPT in AZ31, AZ61, Zn-Al alloy, steel, and other metal materials has also
provided other options for work materials, and the different phase transformations
induced by EPT warrant further investigation. Besides, in SPDT, the material removal
process and the surface generation are not only governed by the cutting tool, but also
by the specific material properties. The study of the effect of material swelling, residual
stress and crystallographic orientation for different workpiece materials will be

conducted; and

(4) In the present study, due to the limitations of the machining equipment, the
EPT and SPDT experiments were carried out independently. The specimens were firstly
treated by electropulsing, and then machined by SPDT. On the basis of the results
achieved, an integrated machining system, which incorporated with the EPT and SPDT,
where the electropulsing can be applied to the specimen while the cutting is in progress,

should provide a new investigation approach. Furthermore, the driving force of the
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phase transformations in these circumstances should include the effect of EPT, the
conventional thermal effect and the effect of ultra-precision diamond turning. The
dislocation movements with the introduction of SPDT should also be different from the
effect of EPT. The control experiments on the selection of both EPT parameters and
SPDT parameters should provide an optimal solution, aiming at the best surface

integrity of the final products.
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Appendix I. List of Abbreviations

Advanced Manufacturing Optical Center (AMOC)
Amplitude Probability Density Function (APDF)
Autocorrelation Function (ACF)

Built-Up-Edge (BUE)

Coefficient of Anisotropy (COA)

Degree of Roughness Anisotropy (DRA)
Electropulsing Treatment (EPT)

Finite Element Analysis (FEA)
Magnisum-9Aluminum-1Zn alloy (AZ91)
Precision Ion Polishing System (PIPS)
Phase-Shifting Interferometry (PSI)

Root Mean Square deviation (RMS)

Scanning Electron Microscopy (SEM)
Single-Point Diamond Turning (SPDT)

Swelling Ratio (SR)

Transmission Electron Microscopy (TEM)
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Ultra-Precision Machining (UPM)

Ultra-Precision Machining (UPM)

Ultra-Precision Grinding (UPG)

Ultra-Precision Raster Milling (UPRM)

X-ray Diffractometer (XRD)

128



Appendix

Appendix I1. Specification of Wyko NT8000

Work Parameters

Measurement System

Modular Optics Assembly
equipped with a CCD
camera and a Multiple
Magnification Detector
with Field of View lenses

Supporting unit

Air anti-vibration system

Work Table

Motorized stage with 8
inches of travel in x-y
directions

Maximum travel Length of
Z axis

100mm

Tip/tile of cradle

+6°

Phase-shifting

Interferometry (PSI)

Light Source

Monochromatic light
source

Range of surface roughness
measurement

< 20-30nm

Vertical surface roughness
resolution

Sub-nanometer, adjacent
pixel-height difference <
M4

Calibration routine

3-5 fringes at 45°

Vertical-scanning

Interferometry (VSI)

Light Source

White light source

Range of surface roughness
measurement

Rough-surface object

Vertical surface roughness | Adjacent pixel-height
resolution difference > A/4
Calibration routine 3-5 fringes aligned

perpendicular to the edge
of step
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Appendix I11. Specification of Talysurf PGI 1240

Work Parameters

Measurement System

A stylus arm and a

helium-neon laser
interferometer of pick up

system in x-y directions

Supporting unit

Air anti-vibration system

Traverse length of stylus

200mm traverse unit

Straightness of  the
traverse

0.125pm over 200mm

Work table

Motorized stage of y-axis
125mm travel in y-axis
with 1pum resolution

Maximum travel length of | 450mm
Z axis
Available Measurement | 0.1mm/s 0.25mm/s
Speed 0.5mm/s Imm/s 2mm/s

. . Standard Stylus lateral | 0.8nm

Configuration settings .

resolution
Standard Stylus tip/tilt of | £90°

cradle
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